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EXECUTIVE
SUMMARY

Executive Summary
More rapidly increasing demands for water globally and the apparent predicted severe
shortage of water resources, especially in the United Arab Emirates, required the authorities
to initiate fast-track studies into the potential for enhancing the sources, storage, and recycling
of freshwater. Destruction and loss of life due to climate change that was based on recent
evidence is occurring more rapidly and severe weather, which is increasing with population
growth and changing demographics, require that we examine ways to reduce these detrimental
impacts to the UAE society. In addition, there is ample evidence that human activities, such as
the emission of industrial air pollution, and pollution advected from Asia, Europe and Africa
into the region is altering atmospheric processes in the Arabian Peninsula and Gulf region
on scales ranging from local pollution and precipitation patterns to global climate. These
inadvertent impacts on weather and climate require a concerted and fast-tracked research
effort. The Ofﬁce of H.H. the President, in response to this situation, in 2000 established the
Department of Water Resources Studies in the Ofﬁce of H.H. the President.
Encouraged by recent results from hygroscopic cloud seeding (a relatively new technology)
in other parts of the world and by improved measurement systems, DWRS undertook a
study to assess the potential beneﬁts of rainfall enhancement via hygroscopic seeding
as a means to support freshwater resources. The results of the overall program can be
summarized as follows:
• Based on the numerous cloud investigations, seeding trials, and radar depictions
indicating only limited opportunities for seeding (less than ﬁve days during
the winter), it was concluded that winter clouds rarely produce conditions that
are sufﬁciently convective with warm cloud bases and identiﬁable updrafts to
effectively seed with hygroscopic ﬂares.
• During the summer, suitable convective clouds develop on about a third of the
days, and treating 2-4 storms on each of these days seemed reasonable. Based on
these results a randomized seeding experiment was started in 2003, targeting the
Oman Mountains in particular, including regions in the UAE and in Oman (with
cooperation from the Oman government).
• Aerosols emitted from Oil-related activities in the region can be very effective CCN
and therefore have the potential to inﬂuence cloud microphysical processes and
rainfall production efﬁciencies.
• Based on preliminary single aerosol particle analyses it seems that the desert dust
may play an important role in cloud processes, not only because they are often times
partially coated with sulfate particles, but also because of aggregates of dust particles
containing NaCl particles. The large sea salt particles present in the UAE environment
may play a role in cloud processes, but their role may also be in jeopardy due to the
chemical reactions with sulfate-bearing particles. However, some of the larger sea
salt particles may still affect cloud processes.
• Drizzle drops were occasionally measured in some clouds, which has implications
on the effectiveness of seeding in those cases and could make seeding ineffective
xvi

•

•

•
•

Hydrological studies indicated that a long-term rainfall enhancement program would
have to strategically target the Oman Mountain region to derive any groundwater
recharge beneﬁt within a timeframe consistent with the discounted costs of rainfall
enhancement.
The unique aspect of this randomized experiment is that concurrent microphysical
measurements are collected in a subset of the randomized cases. These measurements
will provide for the ﬁrst time an opportunity to better understand the statistical
results.
Based on the statistical results seeding with hygroscopic ﬂares did not increase
rainfall according to the seeding conceptual model.
The concurrent microphysical measurements provided insights into why seeding did
not seem to increase rainfall.

In conclusion, it is clear that a conceptual model solely bases on microphysical aspects
of the clouds is incomplete. It neglects the dynamic processes that strongly govern
the microphysical processes, and depending on these dynamic and thermodynamic
conditions, can change microphysical processes in clouds from one extreme to the
other. The results also emphasize the importance of concurrent physical measurements
in conjunction with the statistical experiment in interpreting the statistical results and
increasing our understanding of both natural and seeded microphysical and dynamical
processes in clouds. These results have highlighted some of the limitations of the UAE
and many other weather modiﬁcation programs around the world, both in terms of
execution and evaluation. Most programs depend on conventional radar evaluations,
often without the support of any physical measurements. Conventional radar is
limited in its ability to deduce physical processes of precipitation formation in clouds.
However, other tools, such as improved or new remote sensors (satellite, multiparameter
radar, windproﬁler, microwave radiometer) and numerical modeling capabilities on
the meso- and cloud-scale, are now available to address some many of the issues
(microphysical and dynamical). Finally, it is essential that cloud seeding conceptual
models should include dynamical as well as microphysical processes and that seeding
conceptual models solely based on microphysical processes are incomplete in many
situations, such as the UAE case.
During the past four years DWRS has through its work gained international recognition
for its efforts such that many international institutions and organizations are now looking
at DWRS as an example of a successful and state of the art institution with respect to
environmental and water resources issues. Some of the major achievements over the last
four years are:
•

Rainfall enhancement via cloud seeding studies. these studies in the UAE
were the most advanced in the region and other countries in the region are now
following the example of DWRS

xvii
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•

Air pollution monitoring and studies. The ﬁrst ever airborne measurement
campaign of air pollutants was conducted by DWRS and indicated high levels
of pollution over the UAE.

•

Building of infrastructure and human resources including a state of the art
network of observing platforms.

•

International interest in the work of DWRS from research institutions around the
world including NASA, NRL, in the U.S. and many institutions in Europe and
other parts of the world.

Section 1

INTRODUCTION
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Introduction
For nearly two decades, the water resource community in the United Arab Emirates (UAE,
Figure 1.1) has had a growing concern about the sustainability of its fresh groundwater
resources since groundwater levels and well yields in many locations have declined
substantially over this period. Simultaneously, the search for new groundwater resources
has met with only marginal success. Currently, the majority of freshwater for municipal
and industrial demand in the UAE is derived from the desalinization of seawater, a
relatively expensive and somewhat vulnerable approach to deriving freshwater for socioeconomic development.
The United Arab Emirates has two distinct regions. A large sandy desert covering the
western 90% of the country ranges in altitude from sea level up to 300 m MSL. Much of
this land is characterized by sand dunes that increase in height inland from the Arabian
Gulf toward the south, reaching heights of 250 m in the Liwa- Al Batin Basin (Ministry
of Communications 1996). Seasonally moist salt ﬂats cover some interior and western
regions.

Figure 1.1. Map of the United Arab Emirates, which is located at the southeast end of the Arabian
Gulf (also know as the Persian Gulf).
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The second zone is a mountainous zone in the eastern UAE that consists of the northern
part of the Hajar Mountain range, which extends 150 km north-south and 50 km westeast and peaks at heights up to 1500 m MSL. Several networks of wadis, which are
streambeds that are usually dry, except during the rainy season, break the mountain range.
A thin, low coastal plain separates the sharp rise of the mountains from the Gulf of Oman.
Along the north coast, the waters are extremely shallow and warm, with many offshore
islands and sand banks.
The gap between demand and supply of water is large already and continues to expand.
This has developed into a crisis based on the following contributing factors:
• Geographical location, topographical features and the climate of the UAE.
• Over withdrawal.of groundwater supplies.
• Rapid expansion of agriculture, tourism, industry, and population increase.
• Non skilled labour, especially in the ﬁeld of agriculture resulting in overuse of
water.
• Water budget assessments for the UAE are currently not available.
For example, the population has increased from approximately 560,000 in 1975 to
2,411,000 in 1995 and to 3,500,000 in 2001. Domestic, Industrial and agricultural demand
for water has increased from approximately 1,490million m3 in 1990 to 2,180million m3
in 2000 and is projected to increase to 3.200million m3 by 2025. The tourism sector
in the UAE has also become an important contributing factor to the countries national
income. The implication of the rapid expansion of tourism industry has put additional
stresses on water demand (e.g. an average inhabitant uses 250 litres per day while the
average tourist uses up to 880 litres per day). The number of tourists has increased from
approximately 2 million in 1994 to about 5.5 million in 2002.
Freshwater is of critical importance to economic activities in the United Arab Emirates
(UAE, see Figure 1.1), where 70% of the water is provided by desalination plants and
30% comes from groundwater reserves that supply water for mostly agricultural use.
During the past 10-15 years, the underground water supplies have gradually decreased. In
addition, seawater intrusion has led to increases in salt levels of previously uncontaminated
groundwater in some locations. For nearly two decades, the water resource community
of the UAE has had a growing concern about the sustainability of its fresh groundwater
resources, since groundwater levels and well yields in many locations have declined over
the period. Simultaneously, the search for new groundwater resources has met with only
marginal success. Old or fossil groundwater stored in deep geologic structures occurs
in several locations (Bright and Silva 1998), but 30-year old research suggests that the
feasibility of mining high quality groundwater throughout the country is limited, “...this
deep drilling program has established that no deep aquifers containing good quality
water exist to a depth of 600m. No potable ground water was found below a depth of 100
meters. The upper Cretaceous Eocene and Oligocene rocks have very low permeability,
3

may be partly gypsiferous, and any aquifers are thin and contain highly mineralized
water.” (Gibbs 1970, Chapter 7, page 49).
These facts lead to a growing concern about the sustainability of current aquifer
withdrawals given the rapid growth occurring throughout the country. Currently, the
majority of freshwater for municipal and industrial demand in the UAE is derived from
the desalinization of seawater, a relatively expensive and somewhat vulnerable approach
to deriving freshwater for socio-economic development.
Encouraged by recent results from hygroscopic cloud seeding (a relatively new technology)
in other parts of the world and by improved measurement systems, the government of the
UAE, through the Department of Atmospheric Studies of the Ofﬁce of His Highness the
President, undertook a study to assess the potential beneﬁts of rainfall enhancement via
hygoscopic seeding as a means to support freshwater resources.
From 1988-1992, cloud seeding operations were contracted as one response to the growing
stress on water supplies. However, those projects were not designed to systematically
investigate and evaluate the potential for cloud seeding to enhance rainfall. In 2000, the
newly established Department of Atmospheric Studies (DAS) began to re-explore the
feasibility of rainfall enhancement.
The potential for such man-made increases in rainfall is strongly dependent on the natural
microphysics1 and dynamics2 of the clouds that are to be seeded. The microphysics is in
turn dependent on the background aerosol and pollution levels, because it is the aerosol
particles that attract water vapor to form cloud droplets. Furthermore, the types and
concentrations of aerosol particles can be inﬂuenced by trace gases (i.e., air pollution).
Given these dependencies, the microphysics of clouds can differ signiﬁcantly from one
geographical region to another, and even between seasons in the same region. In some
instances, clouds may not be suitable for seeding, or after a climatological evaluation,
the frequency of occurrence of suitable clouds may be deemed too low to warrant the
investment in a cloud seeding program. It was therefore essential to conduct preliminary
studies on atmospheric aerosols and pollution levels and on the microphysics and dynamics
of naturally forming clouds, prior to commencing a larger seeding experiment in the
UAE. In conjunction with such studies, it was also important to conduct hydrological
studies relating rainfall with groundwater levels and to determine hydrological regions
where groundwater recharge is most efﬁcient. If shown to be feasible, the cloud seeding
technique should then be evaluated scientiﬁcally to demonstrate that the seeding method
works and to quantify the increases achieved. An important component of any follow-on
study is an assessment of potential economic beneﬁts to the UAE.
This report presents the results of several endeavors related to the objectives of the
feasibility study. These include listing the logistics, facilities, and personnel (Section 3)
involved in collecting and analyzing data, performing hydrological studies, and running
4

1
2

Microphysics means the size and concentration of water droplets and ice particles inside clouds.
Dynamics means the forces affecting air motion in and around clouds.

numerical models. The training and education efforts are also listed. A climatology
of conditions in the UAE (Section 4) including an assessment of the MM5 real-time
forecast model demonstrates its strengths and weaknesses as a forecasting tool describes
the rationale for selecting two ﬁeld project periods – winter and summer and one for
the Phase II experiments - summer. The MM5 model output is also used to initialize the
background environment and to update boundary conditions for the Clark-Hall model
simulations of a winter and a summer case. This model provides guidance for assessing
hygroscopic seeding potential by revealing the relative importance of microphysical
processes and feedbacks into cloud dynamics. The research ﬂights needed to collect
aircraft data and to conduct the Phase II randomized experiments are summarized
(Section 5), and microphysical analyses describing the characteristics of UAE clouds
(Section 6) – the ﬁrst such measurements to be made in the UAE. A qualitative summary
of radar data is presented with examples showing the capabilities for more extensive
analyses, given quantitative radar data (Section 6). Seeding assessments include the
development and characterization of an improved hygroscopic ﬂare, a summary of
cloud seeding experiments and the Phase II randomized seeding experiments during the
ﬁeld projects, and an analysis of several seeding events (Section 7). The hydrological
studies concentrate on characterizing processes important in the UAE, such as rainfall to
groundwater recharge that may be impacted by a rainfall enhancement program (Section
8). Unless otherwise stated, all times reported in this document are standardized to the
universal time constant (UTC).
As this report demonstrates, the efforts required to gather, develop, and coordinate the
infrastructure (e.g., aircraft, radars, computers, and networks) necessary for collecting
research-quality data on clouds and precipitation were substantial. Section 10 summarizes
the results of the research performed from 2001 to 2004, describes the progression of
the study from 2001 to 2002, and proceeding with Phase II randomized cloud seeding
program in 2003 and 2004 of the program. Phase II was designed to quantitatively assess
any increases in rainfall from cloud seeding and begin to assess the overall economic
beneﬁt of such a program.

5

Section 2

PROJECT
OBJECTIVES

Project Objectives
A scientiﬁc evaluation of cloud seeding for rainfall enhancement requires several efforts
designed to systematically characterize clouds and precipitation in order to determine their
potential response to seeding and to quantitatively asses the potential increases in rainfall
due to cloud seeding. For this purpose the experiment was conducted in two phases where
the results from the Phase I studies would determine moving to the next phase of the
experiment. In all three potential phases were identiﬁed. These phases were:
1.
Phase I: Initial meteorological studies consisting of radar and airborne
observations (air chemistry and cloud physics) in conjunction with numerical
model simulations to gain knowledge about cloud and precipitation characteristics
in the region to assess the potential for seeding and evaluate different seeding
techniques. The Phase I studies were conducted during the winter and summer
seasons of 2001 and 2002. Seeding was done during this period. The Phase I
study guards against making the same mistakes as have occurred in the previous
experiments around the world. Phase I also involved implementing an upgraded
infrastructure.
2.
Phase II: Based on the results from the Phase I studies a randomized cloud
seeding experiment was designed to quantitatively assess the possible increases
in precipitation due to seeding and to assess the potential impacts on water
resources in the region. This experiment used new statistical methods in
conjunction with numerical model simulations and was conducted during the
summers of 2003 and 2004.
3.
Phase III: Based on the results from Phase II, design a possible operational
program.
The reason for conducting the experiment in three phases was because if the Phase I
studies would indicate that clouds were either not suitable or their frequency of occurrence
was limited the program could be terminated at that point. In addition, if the Phase II
randomized cloud seeding experiments that rainfall was not signiﬁcantly increased the
program could be terminated at that time.
The two fundamental questions that needed to be answered during the ﬁrst phase of the
UAE program were:
•
Is the frequency of cloud occurrence sufﬁcient to warrant the investment in a
cloud seeding program?
•
Are the clouds that do occur amenable to hygroscopic seeding?
In order to answer these questions, more speciﬁc objectives were proposed and are
presented in varying degrees of completeness in this report. These objectives included:
1.
Developing a cloud and rainfall climatology over the UAE to assess cloud
characteristics and rainfall distribution. These studies were important to determine
if suitable clouds exist and their frequency of occurrence.
7

2.

3.
4.

5.
6.

7.

Field program studies, using an instrumented cloud physics aircraft and weather
radars with data-recording capability, during the months with the largest occurrence
of clouds and rainfall in the UAE (winter) and during the months with a high
frequency of convective clouds over the Oman Mountains (summer). The ﬁeld
project objectives were to document: a) the impact of natural aerosol and pollution
on cloud processes, and b) the microphysics and dynamics of natural clouds. Initial
seeding trials were also conducted to study the effects of seeding on clouds.
Analysis of the collected aircraft, radar, and chemistry data to determine the natural
precipitation processes and the effect of seeding on these processes.
Assessment and improvements in the data collection procedures for the weather
radar network, including implementation of the NCAR Thunderstorm Identiﬁcation,
Tracking, and Analyses (TITAN) and Central Integrated Data Display (CIDD)
software systems for archival, display, and analysis of quantitative radar data.
Provision of real-time high-resolution numerical model forecasts with the MM5
model during the ﬁeld project periods.
Atmospheric modeling studies of the general meteorological conditions and the
formation of clouds and rain for evaluating and assessing the potential for cloud
seeding.
Hydrological studies to determine the impact of possible rainfall increases on
surface- and groundwater.

A signiﬁcant part of the study involved ﬁeldwork – the intensive collection of observations
(airborne and surface) during four ﬁeld project periods (winter and summer of 2001 and
2002). Microphysical observations of cloud droplets and aerosols showed continental
conditions in both the UAE and Oman during the summer. More varying conditions
existed during the winter, mostly due to weaker cloud conditions (higher clouds and lower
updraft speeds). During the 2001 and 2002 winter seasons, radar summaries showed that
no hydrologically signiﬁcant rainfall events occurred over the UAE. For the 2001 and
2002 summer seasons, radar studies showed that the vast majority of convective storms
occurred over the Oman Mountains, southeast of Al Ain and northward, though they
were relatively short-lived. The short lifetimes of the thunderstorms act to minimize the
window of opportunity for cloud seeding to enhance rainfall, emphasizing the need for
accurate prediction of these situations in planning seeding operations.
Summaries of the trial seeding cases suggest that conditions amenable to seeding occur
on only a few days during the winter, typically late in the winter season. Conversely,
suitable storms developed on more than a third of the summer days, although the number
of storm tracks differed considerably between 2001 and 2002. The results have mostly
answered the two fundamental questions and thus support proceeding with Phase II of
the Rainfall Enhancement Assessment Program during the summer months in the UAE.
This involved designing and implementing a randomized hygroscopic cloud seeding
experiment during the summer seasons to statistically quantify the potential for cloud
seeding to enhance rainfall, speciﬁcally over the UAE and Oman Mountains. Based
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on statistical analyses of the summer storms during the 2001 and 2002 seasons it was
calculated that the randomized experiment needed at least 200 cases and would last at
least 2 years to treat a sufﬁcient number of cases, and requires close collaboration with
Oman in operating the seeding experiment seamlessly across their border.
Results from Phase I of the Rainfall Enhancement Assessment Program (described in detail
in the following sections of the report) concluded: 1) that winter clouds in the UAE rarely
produced conditions amenable to hygroscopic cloud seeding; 2) that summer convective
clouds developed often enough, particularly over the Oman Mountains (e.g., the Hajar
Mountains along the eastern UAE border and into Oman), to justify a randomized seeding
experiment; 3) that collecting quantitative radar observations continues to be a complex
but essential part of evaluating a cloud seeding experiment; 4) that successful ﬂight
operations would require solving several logistical issues (i.e., communications, where
to base, pilot training, etc.); and 5) that several scientiﬁc questions would need to be
studied in order to fully evaluate the efﬁcacy and feasibility of hygroscopic cloud seeding,
including cloud physical responses (e.g., formation of drizzle drops), radar-derived rainfall
estimates as related to rainfall at the ground, and hydrological impacts (e.g., groundwater
recharge, comparative economic analyses). Based on these results, DWRS, NCAR and
WITS proceeded with Phase II which involved designing and implementing a randomized
hygroscopic cloud seeding experiment during the summer seasons to statistically quantify
the potential for cloud seeding to enhance rainfall, speciﬁcally over the UAE and Oman
Mountains, while collecting concurrent and separate physical measurements to support the
statistical results and provide substantiation for the physical hypothesis. The University
of Witwatersrand in South Africa, along with the South African Weather Service, has
been an integral part of the overall program by providing the operational components of
the program (aircraft, instrumentation, operations director, pilots, etc.).
An Experimental Plan (Appendix A) was developed for the Phase II part of the experiment.
The objectives of Phase II of the Rainfall Enhancement Assessment Program in the UAE
were to:
(a) Determine whether there is a quantitative effect on radar derived storm-based
rainfall from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time history of such effect and the probable
cause.
(c) Test the concepts of the South African and Mexican experimental approach in
the UAE.
(d) Collect concurrent and separate physical measurements to support the statistical
results and provide substantiation for the physical hypothesis.
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Section 3

PERSONNEL &
TRAINING

Personnel and Training
3.1

OVERVIEW

A preliminary proposal in late 2000 identiﬁed some key areas of study required for assessing
the efﬁcacy and potential beneﬁts of rainfall enhancement via hygroscopic seeding,
including: a) collating existing data and collecting speciﬁc data on clouds and rainfall, b)
establishing the natural background and variability of aerosols in the region, c) adapting
and developing numerical models for simulating UAE clouds, and d) understanding the
UAE hydrology sufﬁciently to assess the impact of rainfall on groundwater resources.
The lack of relevant data and infrastructure for conducting these studies provided the
impetus for designing a ﬁeld project, with additional related activities. An initial ﬁeld
study, utilizing a research aircraft, was planned for 1 January 2001 through 31 March
2001, because previous climatological studies indicated that the UAE received most of
its rainfall between December and April with a peak in February. During the course of
this winter ﬁeld project and in discussion with UAE meteorologists, the undocumented
phenomenon of frequent thunderstorm development over the Oman Mountains (eastern
UAE) in the summer was revealed. This led to a second ﬁeld project from 15 June
through 15 September 2001, which was conducted to take advantage of these potentially
signiﬁcant rainfall events. As results (and difﬁculties) developed during the 2001 ﬁeld
projects, and as the DWRS evolved in its mission, the ﬁeld studies were extended and
expanded through 2002 (both winter and summer).
The operations center for the 2001-2002 ﬁeld projects was based at the UAE Air Force
Meteorological Ofﬁce at the Al Dhafra Air Force Base near Abu Dhabi. The research
aircraft was also based at Al Dhafra. Although the emphasis was to evaluate and assess
whether the potential exists to enhance rainfall via cloud seeding, additional data were
collected on aerosol characteristics, pollution levels and other meteorological phenomena
in the UAE that also proved essential to this study. Radar characteristics, cloud survey
studies and seeding trials form the main basis for the scientiﬁc evaluation of cloud seeding
potential.
Based on the results from the Phase I studies in 2001 and 2002 it was decided to continue
to the second phase of the program during the summer months conducting a randomized
cloud seeding experiment to quantify the potential increases in precipitation due to cloud
seeding. The randomized cloud seeding experiments were conducted in 2003 and 2004.
The operations center for the 2003-2004 ﬁeld projects was based at the DWRS ofﬁce in
Abu Dhabi, and the research aircraft was based at Al Bateen Air Force Base. The second
(seeding) aircraft, initially based at Al Bateen, was operated for most of 2003 and all of
2004 the Military Air College at Al Ain airport with occasional operations directed from
Al Ain as well.
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During the ﬁeld projects, an Operations Director made day-to-day decisions and managed
all aspects of radar and aircraft operations. The Operations Director was a scientist
familiar with running ﬁeld programs and was responsible for determining whether or
not to conduct aircraft operations, based on established criteria utilizing radiosonde data,
current radar data, model data and other available weather data.
3.2

PERSONNEL – NCAR & DWRS

Over thirty scientists, engineers, pilots, and other staff visited the UAE. Most of their
work involved preparation and operation of the ﬁeld projects, but a signiﬁcant ad hoc
effort went into the education and training of personnel in the UAE. Several others
supported the ﬁeld work and the data analysis from NCAR in Boulder and the University
of Witwatersrand (WITS) in South Africa. Over two dozen DWRS staff members, as well
as student trainees, civil aviation meteorologists, air force meteorologists, and technicians,
participated in the program in one form or another. Besides institutions in the UAE,
scientiﬁc collaboration also involved the University of Witwatersrand (South Africa),
the South African Weather Sevices, South Dakota School of Mines and Technology, and
Arizona State University.
Several people from the DWRS were instrumental in the administration of the program,
particularly in helping with the logistics of the ﬁeld projects:
• Abdulla Al Mangoosh, Director of the Department of Water Resources Studies
• Abdulla Al Mandoos, Head of the Meteorological Section
• Dr. A.S.A. Khalil, WMO Consultant
• Mohammed Al Harmoodi, Head of the IT Section
• Mohammed Shamsan, Senior Network Engineer
• Omar Ahmad Yazedi, IT Specialist
• Ibrahim Karam, Instrumentation Specialist
• Umar Vraz, Radar Technician
• Pervez Iqbal, Radar Technician
• Suﬁan Khaled Farrah, Forecaster
• Ahmed Habib Ibrahim, Forecaster
• Hamid Ahmed Al-Brashdi, Forecaster
• Refaie Ahmed Mohamed Essa, Climatologist
• Khalid Mohiedin Maowed, Climatologist
• Alya Saeed Al Mazroui, Climatologist
• Maha Abdul Raheem Al-Fahim, Climatologist
• Khuluod Mubarak Al Junaibi, Climatologist
• Abeer Abdullwahab Al Falahi, Climatologist
• Mohammed Hasan Al Harmoudi, System Analyst
• Ibrahim Ismail Al-Mandoos, Maintenance Unit
• Abdul Hafeez Ashraf, Maintenance Unit
• Mohammed Ramazan Khan, Maintenance Unit
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•
•
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•
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Mohammed Ashraf Atta, Maintenance Unit
Ghada Laith Ibrahim, Administration
Michel Kodsi, Logistics
Faisal Pothiparambath, Administration
Jalal Luqman, Graphics Designer
Adel Ahmed Kamal, Media Unit
Mohammed Saleh Al Muhairi, Media Unit

Other UAE personnel also contributed substantially to the success of the ﬁeld projects,
particularly those at the UAE Air Force Meteorological Ofﬁce and at the Meteorological
Services ofﬁce of Dubai International Airport.
The following project personnel, from NCAR or contracted by NCAR, traveled to the
UAE in support of the program:
o Dr. Brant Foote, Director of the Research Applications Program. He provided
general program oversight as well as scientiﬁc direction.
o Dr. Roelof Bruintjes, Scientist and Principal Investigator for the project. He
provided scientiﬁc leadership and ﬁeld project expertise, with a focus on aircraft
instrumentation and data collection.
o Mr. Daniel Breed, Scientist and Field Program Manager. He provided scientiﬁc
direction as well as managed all aspects of the ﬁeld project.
o Mr. Vidal Salazar, Associate Scientist and Data Manager. He provided support
in managing the various data collected, installing and running analysis software,
and operating instrumentation. He also acted as operations director at times.
o Ms. Tara Jensen, Associate Scientist and Forecast Modeler. She provided
support in collecting various data, operating instrumentation, running analysis
software, and running and assessing the MM5 forecast model. She also acted as
operations director at times.
o Ms. Terri Betancourt, Software Engineer. She provided expertise in the
implementation of radar data display software, speciﬁcally CIDD and TITAN.
o Ms. Nancy Rehak, Software Engineer. She provided support for customizing
CIDD and TITAN to the UAE environment, and became the primary contact for
these software systems beginning in the summer of 2001.
o Mr. Otto “Tres” Hofmeister, Network Engineer. He provided expertise in setting
up networked computer systems with considerable experience at ﬁeld project
sites.
o Dr. Jeff Keeler, Radar Engineer. He provided expertise in assessing radar
systems, evaluating ﬁeld project implementation of radars, and calibrating
hardware (Winter 2001 project).
o Mr. Jonathan Lutz, Radar Engineer. He provided expertise in assessing radar
systems, evaluating ﬁeld project implementation of radars, and calibrating
hardware (Summer 2001 and Winter 2002 projects).
o Dr. J. Vivekanandan, Radar Scientist. He provided expertise in radar techniques
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for measuring precipitation. (Traveled to EEC in Alabama for the UAE
program.)
Dr. David Yates, Hydrometeorologist. He provided scientiﬁc direction in
hydrology studies, including analysis of historical data, collection of ﬁeld data,
and numerical modeling.
Dr. Janice Coen, Scientist. She provided scientiﬁc direction in numerical models
of atmospheric processes, particularly cloud and precipitation modeling.
Dr. Tomoko Kojima, Researcher with Arizona State University. She operated
the ﬁlter bank sampler and trained other ﬂight scientists in its operation (Winter
2002). She also performed electron microscopy analysis of the ﬁlters.
Dr. Li Jia, Researcher with Arizona State University. She operated the ﬁlter
bank sampler and trained other ﬂight scientists in its operation (Summer 2002).

The following project personnel, from University of Witwatersrand (WITS) and the South
African Weather Service (SAWS) traveled and worked on the program:
o Prof. Stuart Piketh, Climatologist with WITS in South Africa. He was contracted
to provide air sampling instrumentation and data analysis, and provided expertise
in atmospheric chemistry as it relates to aerosol characterization and pollution
studies.
o Ms. Kristy Ross, Cloud Physicist with WITS in South Africa. She provided
support in the installation and operation of the air sampling instruments, and in
data analysis of trace gas and aerosol characteristics.
o Mr. Roelof Burger, Cloud Physicist, Data Acquisition System Engineer and
Operations Director with SAWS. He provided support in the operation of
the air sampling and cloud physics instruments, and in data analysis of cloud
condensation nuclei characteristics (Summer 2001, Summer 2003, Summer
2004).
o Ms. Margaret Barenbrug, Cloud Physicist with WITS in South Africa. She
provided support in the operation of the air sampling and cloud physics
instruments, and in data analysis of cloud condensation nuclei characteristics
(Summer 2001 project).
o Mr. Karel de Waal, Software Engineer (radar systems) with SAWS. He was
contracted to provide expertise in the implementation of radar ingest and display
software (e.g., TITAN), specializing in ﬁeld project setup.
o Dr. Deon Terblanche, Cloud Physicist with the SAWS. Provided advice to the
program.
o Mr. Pieter Visser, Radar meteorologist with SAWS. Provided lectures in radar
meteorology to the program.
o Mr. Gary Willis, Pilot for Orsmond Aviation (contracted by SAWS) in South
Africa. He ﬂew the research and seeding aircraft during the Summer 2003 and
2004 ﬁeld projects.
o Mr. Andre VanGinkel, Pilot for Orsmond Aviation in South Africa. He ﬂew the
research and seeding aircraft during the Summer 2003 ﬁeld project.
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Mr Hans Krueger, Pilot for Orsmond Aviation in South Africa. He ﬂew the
research and seeding aircraft during the Summer 2003 and 2004 ﬁeld projects.
Mr. Gerhard Venter, Pilot for Orsmond Aviation in South Africa. He ﬂew the
seeding aircraft during the Summer 2003 and 2004 ﬁeld projects.
Mr. Steve Mandel, Pilot for Orsmond Aviation in South Africa. He ﬂew the
research and seeding aircraft during the Summer 2004 ﬁeld project.
Mr. Steve Edwards, Instrument Technician with SAWS. He was responsible for
maintaining the data system and instruments during the Summer 2003 and 2004
ﬁeld projects.
Mr Harry McGarry,Aircraft Engineer with Orsmond Aviation in South Africa.
He was responsible for maintaining both the research and seeding aircraft during
the Summer 2003 and 2004 ﬁeld projects.
Mr. Steven Braccardi ,Operations Director with WITS. He was responsible for
handling logistics and directing the aircraft using radar during the Summer 2004
ﬁeld project.

The following project personnel, from Weather Modiﬁcation Incorporated (WMI) traveled
and worked on the program:
o Mr. Patrick Sweeney, President of Weather Modiﬁcation, Incorporated (WMI).
He oversaw the setup of WMI aircraft operations in the UAE, and provided
support as pilot during the test ﬂight phase in December 2000.
o Mr. Porter Janovsky, Pilot with WMI. He ﬂew the research aircraft during three
ﬁeld project phases (Winter 2001, Summer 2001, and Winter 2002).
o Mr. Vadim Kulikov, Pilot with WMI. He ﬂew the research aircraft during the
Summer 2002 ﬁeld project phase.
o Mr. Herman Krug, Ferry Pilot with WMI. He was responsible for ferrying the
research aircraft to and from the UAE.
o Mr. Grant Bezpaletz, Aircraft Mechanic with WMI. He was responsible for
maintaining the research aircraft during the winter and Summer 2002 ﬁeld
projects.
o Mr. Glenn Varos, Aircraft Mechanic with WMI. He was responsible for
maintaining the research aircraft during the Winter 2001 ﬁeld project phase.
o Mr. Conrad Joppru, Aircraft Mechanic with WMI. He was responsible for
maintaining the research aircraft during the Summer 2001 ﬁeld project phase.
o Mr. Dennis Afseth, Instrumentation Engineer with WMI. He planned and
implemented the installation of the research equipment, the data recording
system, and the ground operations for the research aircraft.
o Mr. Michael Johnson, Data Technician with WMI. He was responsible for
operating and maintaining the data system and instruments during the Winter
2001 ﬁeld project phase and both 2002 ﬁeld projects.
o Mr. Todd Schulz, Data Technician with WMI. He was responsible for operating
and maintaining the data system and instruments during the Summer 2001 ﬁeld
project phase.
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3.3

EDUCATION & TRAINING

As mentioned above, several scientists and engineers from NCAR, WITS, and SAWS
educated or trained UAE personnel through seminars, ﬁeld exercises, and ad hoc
discussions. A more formal education mechanism is being pursued by two UAE scientists,
and involves graduate studies at the University of Witwatersrand in South Africa under
the direction of Prof. Stuart Piketh and Dr. Roelof Bruintjes. The various planned and ad
hoc training efforts by visiting ﬁeld project staff are listed below:
- December 2000: Janice Coen provided a tutorial on numerical cloud modeling,
explaining the differences between forecast and research models and discussing
the plan for modeling efforts in 2001.
- December 2000: Jeff Keeler worked with radar technicians and meteorologists
on the assessment and calibration of the Al Dhafra and Dubai radars and on site
plans for three new radars.
- January 2001: Field project scientists presented an overview display of the
project for Al Dhafra’s Air Force Day.
- March 2001: Roelof Bruintjes gave a talk at the Arab League Conference (in
Abu Dhabi) on MM5 and our experience in the UAE.
- May 2001: Janice Coen gave a talk on the MM5 operational model, describing
its known strengths and weaknesses, and outlining a possible veriﬁcation plan
for the forecasters in the UAE.
- May 2001: Jon Lutz provided training to radar technicians during his visit to
assess and calibrate the Al Dhafra and Dubai radars.
- Summer 2001: Several scientists (Vidal Salazar, Tara Jensen, Kristy Ross, Roelof
Burger, David Yates, Daniel Breed and others) provided training opportunities for
two geological science majors from the university in Al Ain (Hussain Al Hashimi
and Mansoor Al Tamime), covering meteorology, climatology, hydrology, and
data collection and analysis during the ﬁeld project.
- July 2001: Roelof Bruintjes, Tara Jensen, Vidal Salazar, and Kristy Ross (WITS)
presented preliminary results from the program to DWRS personnel.
- January 2002: Daniel Breed gave a two-day tutorial on utilizing TITAN and
CIDD to meteorologists from several groups in the UAE.
- April 2002: Jon Lutz extended his discussions with radar technicians during an
evaluation of the three project radars, developing solar calibration procedures
and checking receiver characteristics.
- June 2002: Tara Jensen presented information to meteorologists from different
groups in Dubai on various features of the MM5 forecast model and how to
interpret and best use the model during the summer season.
- August 2002: Tara Jensen did refresher training on maintaining the basic
infrastructure behind the radar networking with DWRS staff, in preparation for
more in depth training by Nancy Rehak.
- August 2002: Nancy Rehak taught a training course on the engineering
infrastructure used in the TITAN system. This was the ﬁrst phase in a technology
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-

transfer for the TITAN/CIDD software system on a Linux (Redhat) OS.
October 2002: Nancy Rehak continued the technology transfer with training
exercises using a new TITAN/CIDD installation CD (RedHat version) and
the “TITAN on the UAE Machines” manual, which describes the TITAN
engineering infrastructure and installation procedures. A CIDD user’s manual
was also produced on this trip.
June-July 2003: from the South African Weather Service presented a several
week course on radar, satellite and remote sensing to DWRS personnel.
July-August 2003: Tara Jensen provided an eight-part training on aircraft
instrumentation for personnel at DWRS. An exam was given at the end of the
sessions, all personnel passed.
July-August 2003: Tara Jensen provided a seven-part training on the maintenance
of the MM5 realtime forecast system for DWRS personnel.
February 2004: Daniel Breed facilitated a workshop on the UAE radar network.
Attendees included personnel from DWRS and forecast ofﬁces around the
UAE.
June 2004: Daniel Breed provided a tutorial on project goals and how to use
radar to direct ﬂights.

Copies of many of the MS PowerPoint presentations may be found in the packet of CDs
provided with this report.
Additionally, during both 2001 and 2002, NCAR scientists interacted on many occasions
with the forecasters at Al Dhafra Air Force Base. Their discussions included forecasting
technique, interpretation of the radar display, aircraft observations (e.g., observed cloud
base heights versus those forecasted), etc. Hundreds of hours were spent interacting with
DWRS and Air Force personnel on computer networking, data display and interpretation,
web site design, scientiﬁc assessments of proposals to DWRS, description of cloud
seeding techniques, and numerous other topics. These exchanges were educational for
both parties.
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Section 4

RESEARCH
FACILITIES

Research Facilities
4.1

AIRBORNE INSTRUMENTATION

During 2001, a Piper Cheyenne II (registration number N233PS) twin-engine turboprop
aircraft was used for air chemistry sampling, aerosol and cloud physics investigations and
hygroscopic seeding. An array of research instrumentation was installed at various times
over the two 2001 ﬁeld project periods (see example in Figure 4.1) and include:
1. Forward Scattering Spectrometer Probe (FSSP) - measures concentrations and
sizes of cloud droplets between 2 and 47 µm diameter (this probe has modiﬁed
electronics and is sometimes referred to as SPP)
2. Passive Cavity Aerosol Spectrometer Probe (PCASP) - measures concentrations
and sizes of aerosol particles between 0.1 and 3.0 µm diameter
3. 2D-C Optical Array Imaging Probe - detects cloud and precipitation particles
between 25 to 800 µm diameter
4. 2D-P Optical Array Imaging Probe - detects cloud and precipitation particles
between 0.2 and 6.4 mm diameter
5. High Volume Precipitation Spectrometer (HVPS) – detects precipitation particles
0.2 – 51 mm diameter (only in Winter 2001)
6. University of Witswatersrand “Streaker” Sampler – collects aerosol particles on
ﬁlters for post-analysis in a laboratory setting (only in 2001 winter)
7. Cloud Liquid Water Content (LWC) Sensor
8. Condensation Nuclei (CN or CNC) Counter – measures concentrations of
aerosols roughly 0.01 – 1.0 µm
9. Cloud Condensation Nuclei (CCN) Counter
10. Sulfur Dioxide (SO2) Analyzer
11. Ozone (O3) Analyzer
12. Sensor for detecting Oxides of Nitrogen (NO/NO2/NOx)
13. GPS system for determining position and ground speed, and for estimating
winds
14. Sensors for measuring temperature, static and dynamic pressure, and dewpoint
15. Cloud seeding racks for 24 hygroscopic ﬂares
16. Data recording system
The data from all the instruments were recorded every second during ﬂight and select
variables were telemetered (radioed) to the Operations Center at Al Dhafra for real-time
data display and aircraft tracking. During the 2001 winter project, the aircraft was capable
of carrying four particle probes (two on each wing). But, during the 2001 summer project,
only two particle probes could be carried at one time because of weight limitations under
conditions of high surface temperatures. Consequently, probes were alternated depending
on the mission for the day - FSSP for large aerosol and cloud droplets (nearly always
mounted), PCASP for aerosol characterization, 2D-C for precipitation development, and
2D-P for rainfall characterization.
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The need for more load and electrical capabilities became evident during the 2001 operations.
In 2002, a Beechcraft King Air 200 (N553R), also a twin-engine turboprop (Figure 4.2),
performed the same aircraft sampling functions, but allowed for an extended array of
instrumentation to be carried at one time (more electrical power and weight capability,
particularly at high temperatures). Besides the instruments listed above, an important addition
in 2002 was a ﬁlter bank sampler designed by Arizona State University that collected aerosol
particles on grids for electron microscopy analysis.
Aircraft data analysis software, both commercial and NCAR-developed, was used to
examine and summarize the aerosol characteristics and cloud droplet structure for clouds
and storms observed during the two-year ﬁeld project periods. Major deviations from the
average observed characteristics may be related to the presence of speciﬁc synoptic regimes.
For example, the origin of air masses may be pivotal in determining the cloud droplet
distributions. Measurements in different parts of the world have revealed large variations in
droplet concentrations both in time and space. The trace gas and aerosol measurements are
helpful in characterizing different synoptic regimes. Thus, the entire data set was utilized to
monitor and understand the variations affecting hygroscopic seeding potential.

Figure 4.1. Aerosol and cloud particle probes mounted under the wing of the research aircraft.
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Figure 4.2. The Beechcraft King Air used during the 2002 ﬁeld projects.

Two aircraft were used during the summer 2003 and 2004 seasons. An AeroCommander
(registration ZS-JRA), call sign Research 1, was instrumented with a suite of cloud
microphysics instrumentation in addition to GPS and standard state variables with a
telemetry system. A Piper Cheyenne (registration ZS-OUP), call sign Research 2, was
equipped with the GPS and standard state variables and the telemetry system. Figure 4.3
shows photos of the two aircraft in ﬂight. Table 4.1 lists the types of instrumentation and
the dates when they were carried on each aircraft.

Figure 4.3. Research 1 (ZS-JRA - left) and Research 2 (ZS-OUP - right) in ﬂight.
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Table 4.1. List of instrumentation carried on the two aircraft during the 2003 and 2004 randomized
seeding project. Dates when the instruments were available are also listed.
Instrumentation Type

Research 1

Research 2

2 VHF communications radios
HF communications radio
GPS (position and ground speed)
Telemetry system
Static Pressure
Dynamic Pressure
Rosemount Temperature
Vaisala Temperature and Humidity
EG&G Dewpoint Temperature
King Liquid Water Content
FSSP – Left Wing Inboard
FSSP – Left Wing Outboard
2D-C
2D-P
PCASP – LWO
CCN
CN

all season
15 Jun – 26 Aug
all season
all season
all season
all season
all season
all season
26 Aug – 30 Sep
all season
all season
15 Jun – 26 Aug
all season
all season
26 Aug – 30 Sep
26 Aug – 30 Sep
26 Aug – 6 Sep

all season
all season
all season
all season
all season
all season
-

There are six locations or pods on which PMS-type probes can be mounted on Research
1: two on the left wing, two on the right wing, and two on a nose crossmember. The two
locations on the nose were not used during this project. The left wing was instrumented
for cloud droplet and aerosol size distribution measurements (PMS FSSP and PCASP)
and the right wing was instrumented for precipitation-size particle measurements (PMS
2D-C and 2D-P). The King Probe was mounted on the right side of the nose. The EG&G
dewpointer was mounted just above the static pressure ports on the right side of the aircraft
(below the ﬁrst cabin side-window). The dynamic pressure pitot tube and Rosemount
temperature housing were located on the left side of the nose. Mounted on the underside
of the nose crossmember was the Vaisala temperature/RH sensor. The sensor head of the
Vaisala was encased in a housing to protect it from wetting. The aerosol samples (CCN
and CN) were drawn in through a forward facing isokinetic sampling tube attached to
conductive tubing in the interior of the aircraft.
Over the course of the 2003 summer, there were essentially two conﬁgurations of the
instrumentation installation for Research 1. The ﬁrst two-thirds of the summer (15 Jun
to 26 Aug) had a conﬁguration with two FSSPs in both the inboard and outboard pods
on the left wing of the aircraft. There were no aerosol instruments mounted, and the
EG&G dewpointer was inoperable due to a missing reverse ﬂow housing. During the
last third of the summer, the PCASP aerosol probe was mounted in the outboard pod
and an FSSP was mounted in the inboard pod. The CN counter was installed but did not
work and was removed in early September. The CCN counter was installed but used
22

infrequently. The EG&G dewpointer reverse ﬂow housing was reinstalled making this
instrument operational on 26 August. The differences in the two instrument conﬁgurations
are reﬂected in the post-processing software, which uses two different ﬁles: uae2003_
summer_1.cfg and uae2003_summer_2.cfg.
Similar instrumentation conﬁgurations were used during 2004 until mid-August, when
Research 1 was retroﬁtted with additional instrumentation for the United Arab Emirates
– Uniﬁed Aerosol Experiment (UAE2) ﬁeld experimentin collaboration with NASA and
many other institutions around the world. Flights were completed using Research 1 on
eight days after the retroﬁt. The expanded instrumentation installed for the additional
ﬁeld program will not be considered in this ﬁnal report.

4.1.1

Summary of Research Flights: Phase I (2001-2002)

Tables 4.2-4.5 provide an overview of all the research ﬂights that were conducted during
the four ﬁeld project periods (Winter 2001, Summer 2001, Winter 2002, Summer 2002).
A total of 178 research and seeding ﬂights and 22 instrument calibration ﬂights were
conducted, totaling 417 ﬂight hours. There were 57 ﬂights (106.5 hours ﬂown) during the
Winter 2001 campaign, 41 ﬂights (91.5 hours ﬂown) during the Summer 2001 campaign,
48 ﬂights (102.3 hours ﬂown) during the Winter 2002 campaign, and 54 ﬂights (116.7
hours ﬂown) during the Summer 2002 campaign. A total of 646 hygroscopic ﬂares
were consumed during tests, seeding trials, and simulations of operational cloud seeding
events. Less than half of the 58 days when ﬂares were burned actually had clouds suitable
for seeding.
During the Winter 2001 ﬁeld project, twenty-four ﬂights on nineteen days were made
to study cloud microphysical properties, document precipitation processes, and conduct
cloud seeding experiments. Twenty-six ﬂights were conducted solely to obtain atmospheric
aerosol and trace gas information to assess the natural background aerosol and pollution
levels and their impact on cloud seeding experiments. Seven additional ﬂights were also
conducted to test and calibrate instrumentation. One hundred sixty-eight hygroscopic
ﬂares were burned on ten days, either to test the aircraft ﬂare rack (8 Jan) or conduct
cloud seeding trials.

23

Table 4.2. Overview of research ﬂights for the Winter 2001 season. Flight numbers are only
included for days with multiple ﬂights. *Chem = Chemistry; Cld Phys = Cloud Physics.

WINTER: January - March 2001 (57 ﬂights)

2-Jan

Flt.
# of Cloud
Purpose*
Destinations
Time
ﬂares Studies
UAE mtns and
12:30 - 13:55 1.4
Test
No
Dubai

5-Jan

10:03 - 11:47 1.6

Chem

-

No

Zirku, BuHasa

8-Jan

10:36 - 12:15 1.7

Cld Phys 2

Yes

Gulf oilﬁelds

Cld Phys 12

Yes

Dubai

Date

Flight # (UTC)

9-Jan

1

6:32 – 8:23

1.8

9-Jan

2

12:05 - 13:26 1.4

Cld Phys 6

Yes

10-Jan 1

8:47 - 11:00

Cld Phys 8

Yes

Al Hiyar and W
of Al Ain
Abu Dhabi,
Dubai, Al Ain

10-Jan 2

13:15 - 13:40 0.4

Test

-

No

-

12-Jan

9:04 – 9:51

0.8

Chem

-

No

Abu Dhabi

14-Jan

9:29 - 11:35

2.1

Cld Phys -

Yes

Zirku Island

15-Jan

5:29 – 6:53

1.4

Chem

-

No

17-Jan

11:24 - 13:40 2.2

Chem

-

No

Habshan, SW
desert, Gulf
Habshan, SW
desert, Gulf

19-Jan

10:21 - 14:02 3.7

Chem

-

No

Al Ain

20-Jan

9:59 - 12:20

2.4

Chem

-

No

23-Jan

7:36 - 10:15

2.6

Cld Phys -

Yes

E of Al Hiyar,
Dhaid
Fujairah, W of
Dubai

26-Jan

9:21 - 11:01

1.7

Chem

-

No

Das Island

28-Jan

6:29 – 8:14

1.7

Cld Phys -

Yes

30-Jan

8:09 - 10:53

2.8

Chem

-

No

31-Jan

7:11 – 8:50

1.6

Cld Phys -

Yes

Dubai and UAE
mtns
Liwa Oasis, Ar
Ruwais
Jebel Ali, W. of
Abu Dhabi

2.1

Februay
-

No

RAMS Industrial
Area

10:50 - 11:23 0.6

Test

-

No

-

7:19 – 8:44

Chem

-

No

Along west coast

1

7:01 – 9:28

1-Feb

2

4-Feb
24

Chem

1-Feb

2.4

1.4

5-Feb

6:21 – 9:25

3

Chem

-

No

2.8

Chem

-

No

Das, Western
Gulf
Liwa Oasis, SE
desert

6-Feb

1

6:25 – 9:11

6-Feb

2

13:38 - 14:22 0.7

Test

-

No

-

8-Feb

11:51 - 12:20 0.5

Test

-

No

-

10-Feb 1

7:11 – 9:57

Cld Phys 8

Yes

10-Feb 2

16:12 - 19:33 3.3

Cld Phys 12

Yes

14-Feb

10:05 - 12:39 2.6

Cld Phys -

Yes

Al Ain, N of
Abu Dhabi
Abu Dhabi, S. of
Al Dhafra
Das, misc. Gulf
oilﬁelds

16-Feb

9:27 - 11:23

1.9

Chem

-

No

Habshan

17-Feb 1

6:17 – 8:37

2.3

Chem

-

No

Das

17-Feb 2

11:04 - 13:04 2.2

Chem

-

No

Gulf oilﬁelds

18-Feb

7:31 – 9:38

2.1

Chem

-

No

19-Feb

8:39 - 11:11

2.5

Chem

-

No

Abu Dhabi to
RAMS coast
Ar Ruwais,
BuHasa

22-Feb

10:20 - 12:31 2.2

Cld Phys 2

Yes

Gulf

26-Feb

9:34 - 11:03

Chem

-

No

Al Ain, Dubai
*no GPS

-

No

S of Al Ain

2.8

1.5

March
1-Mar

8:37 - 10:22

1.7

2-Mar

13:25 - 15:12 1.8

Cld Phys -

Yes

S of Al Ain

6-Mar

8:54 - 11:12

2.3

Chem

-

No

Fujairah

8-Mar

12:23 -14:20

1.9

Cld Phys -

Yes

West coast, Ar
Ruwais

9-Mar

8:04 – 9:19

1.3

Chem

-

No

SE desert

12-Mar

7:21 – 8:12

0.8

Cld Phys -

Yes

Abu Dhabi

13-Mar

10:22 - 10:48 0.4

Test

-

No

-

14-Mar 1

10:15 - 11:00 0.8

Chem

-

No

Abu Dhabi

14-Mar 2

12:11 - 13:32 1.3

Chem

-

No

Jebel Ali, Dubai

15-Mar

7:13 - 10:18

Cld Phys 20

Yes

Das

3.1

Chem

25

Cld Phys -

Yes

Habshan, Ar
Ruwais, Zirku

13:52 - 15:40 1.8

Cld Phys 16

Yes

N of Al Dharfa

18-Mar 1

5:08 – 6:55

1.7

Cld Phys 24

Yes

W of Abu Dhabi

18-Mar 2

8:48 - 11:05

2.3

Cld Phys 24

Yes

S of Al Dhafra

19-Mar 1

10:49 - 11:00 0.2

Test

-

No

-

19-Mar 2

11:22 - 12:33 1.2

Chem

-

No

Al Ain

20-Mar 1

8:32 - 10:30

Cld Phys -

Yes

Fujairah

20-Mar 2

12:57 - 14:18 1.3

Chem

No

Dubai

23-Mar

8:29 - 10:34

2.1

Cld Phys 10

Yes

SE desert

25-Mar 1

7:57 - 10:11

2.2

Cld Phys 12

Yes

Dubai, Al Ain

25-Mar 2

14:01 - 16:15 2.2

Cld Phys 12

Yes

Abu Dhabi to
Al Ain

30-Mar

8:56 - 11:23

Chem

No

Habshan, BuHasa

17-Mar 1

7:55 - 10:55

17-Mar 2

3

2

2.5

-

-

During the Summer 2001 season, nineteen ﬂights on eighteen days were made to study
cloud microphysical properties, document precipitation processes, and conduct cloud
seeding experiments. Eighteen ﬂights were conducted solely to obtain atmospheric aerosol
and trace gas information to assess the natural background aerosol and pollution levels
and their impact on cloud seeding experiments. Four ﬂights were conducted to test and
calibrate instrumentation, although one of them (16 Jun) also included cloud penetrations.
Seventy-eight ﬂares were burned during 11 ﬂights, both as tests and as seeding trials. No
seeding opportunities occurred after 13 August 2001.
Table 4.3. Overview of research ﬂights for the Summer 2001 season. Flight numbers are only
included for days with multiple ﬂights. *Chem = Chemistry; Cld Phys = Cloud Physics

SUMMER: June – September 2001 (41 ﬂights)
Date
16 Jun

26

Flt.
# of Cloud
Purpose*
Destinations
Time
ﬂares Studies
Test/Cld
9:24-10:35 1.1
Yes
SE desert
Phys

Flight # (UTC)

17 Jun

12:10-13:41 1.5

Test

2

No

Habshan, BuHasa

19 Jun

12:09-13:16 1.1

Chem

-

No

Abu Dhabi, Gulf
oil ﬁelds

20 Jun

11:59-14:04 2.1

Cld Phys -

Yes

E of Al Hiyar

21 Jun

12:27-13:54 1.5

Cld Phys -

Yes

E of Al Hiyar

23 Jun

9:19-12:03 2.7

Cld Phys -

Yes

E of Al Hiyar

25 Jun

10:42-13:23 2.4

Cld Phys -

Yes

Hatta

29 Jun

10:33-13:32 2.9

Cld Phys -

Yes

RAMS and Hatta

30 Jun

9:22-12:35 3.2

Chem

-

No

Das, Zirku,
Ar Ruwais

July
6 Jul

10:34-14:15 3.7

Chem

-

No

Fujairah

8 Jul

10:56-12:17 1.4

Test

-

No

Al Ain

12 Jul

12:48-13:35 0.8

Test

-

No

SE of Al Dhafra

14 Jul

1

7:31-9:50

2.3

Cld Phys 2

Yes

Al Ain, Hatta,
Dubai

14 Jul

2

11:58-14:11 2.2

Cld Phys 4

Yes

Al Hiyar

17 Jul

17:51-18:57 1.1

Cld Phys -

No

S of Liwa Oasis

19 Jul

11:18-13:56 2.6

Cld Phys 10

Yes

Hatta

20 Jul

15:15-16:38 1.4

Cld Phys 10

Yes

S of Liwa Oasis

24 Jul

9:33-11:20

Cld Phys 10

Yes

S of Al Dhafra

25 Jul

14:55-16:26 1.5

Cld Phys -

Yes

Al Ain

26 Jul

11:28-13:43 2.3

Cld Phys 10

Yes

Al Ain

27 Jul

10:35-13:12 2.6

Cld Phys 10

Yes

E of Al Hiyar, S
of Dhaid

28 Jul

10:02-13:49 3.8

Cld Phys 10

Yes

Hatta, Masa

30 Jul

10:35-13:06 2.5

Cld Phys -

Yes

31 Jul

11:07-13:12 2.1

Cld Phys 6

Yes

1.8

W of Al Ain, E of
Al Hiyar
Jebel Ali, S of
Al Dhafra

August
7 Aug

8:21-10:33 2.2

Chem

-

No

8 Aug

8:23-11:07

2.7

Chem

-

No

10 Aug

10:17-13:16 3.0

Chem

-

No

Habshan, BuHasa
Jebel Ali, Dubai,
Gulf ﬁelds
Liwa Oasis,
SE desert
27

RAMS Industrial
Area
Ar Ruwais, Das,
Zirku

11 Aug

9:21-11:58

2.6

Chem

-

No

12 Aug

8:01-11:12

3.2

Chem

-

No

13 Aug

11:31-14:22 2.9

Cld Phys 4

Yes

BuHasa, Hatta

18 Aug

10:51-12:38 1.8

Cld Phys -

Yes

E of Al Hiyar,
Fujairah

22 Aug

10:49-12:48 1.9

Cld Phys -

Yes

E of Al Hiyar, Hatta

23 Aug

11:18-14:36 3.3

Chem

-

No

Jebel Ali-RAMS,
Fujairah

24 Aug

11:21-13:47 2.4

Chem

-

No

Liwa Oasis

25 Aug

6:06-9:02

2.9

Chem

-

No

28 Aug

11:16-14:09 2.9

Chem

-

No

31 Aug

11:09-13:52 2.7

Chem

-

No

SW desert

Habshan, Zirku,
Das, others
Jebel Ali, Das,
others

September
4 Sep

10:06-12:12 2.1

Chem

-

No

Fujairah

7 Sep

9:12-11:19

2.1

Chem

-

No

Liwa Oasis

10 Sep

12:58-14:12 1.2

Chem

-

No

E of Al Hiyar

13 Sep

2:32-3:34

Chem

-

No

Abu Dhabi

1.0

During the Winter 2002 ﬁeld project, twenty-four ﬂights on seventeen days were made
to study cloud microphysical properties and document precipitation processes. Nineteen
ﬂights were conducted solely to obtain atmospheric aerosol and trace gas measurements.
Five test ﬂights were conducted to check out aircraft systems or to test and calibrate
instrumentation. A total of two hundred eight hygroscopic ﬂares were burned on ﬁfteen
days, four of which were for test purposes only (23 Jan, 3 Feb, 7 Feb, and 11 Feb). Filter
pack collections were made during two of these test burns.
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Table 4.4. Overview of research ﬂights for the Winter 2002 season. Flight numbers are only
included for days with multiple ﬂights. *Chem = Chemistry; Cld Phys = Cloud Physics.

WINTER: January-April 2002 (48 ﬂights)
Date

Flight # (UTC)

Flt.
# of Cloud
Purpose*
Time
ﬂares Studies

Destinations

22 Jan

9:27 – 9:59

0.5

Test

-

No

Al Ain

23 Jan

9:13 – 11:19

2.1

Test

2

No

Al Ain

24 Jan

10:25 – 12:59 2.26

Chem

-

No

BuHasa,
Habshan

27 Jan

10:28 – 12:26 2.0

Chem

-

No

Al Ain

30 Jan

9:30 – 11:15

2.4

Cld Phys 2

Yes

W of
Abu Dhabi

31 Jan

9:33 – 11:58

2.4

Cld Phys 2

Yes

Al Dhafra

February
3 Feb

1

8:45 – 10:56

2.2

Cld Phys -

Yes

Abu Dhabi,
Al Dhafra

3 Feb

2

12:18 – 13:25 1.1

Cld Phys 2

Yes

Abu Dhabi

4 Feb

9:09 – 11:50

2.7

Chem

-

No

Liwa Oasis

7 Feb

10:08 – 12:56 2.8

Chem

1

No

10 Feb

13:45 – 14:26 0.7

Chem

-

No

11 Feb

8:36 – 10:55

2.3

Chem

1

No

Gulf oil ﬁelds

13 Feb

10:14 – 12:52 2.7

Chem

-

No

Al Dhafra

14 Feb

6:05 – 8:55

2.8

Chem

-

No

Habshan,
BuHasa

16 Feb

7:17 – 11:14

4.0

Cld Phys 4

Yes

Fujairah

17 Feb

9:54 – 12:17

2.4

Chem

-

No

Das, Zirku
Islands

18 Feb

7:34 – 7:48

0.2

Test

-

No

-

- computer
crashed
- computer
crashed

19 Feb

1

6:25 – 9:18

2.9

Cld Phys 22

Yes

W of Fujairah

19 Feb

2

15:00 – 18:21 3.4

Cld Phys 22

Yes

SE desert

20 Feb

12:14 – 13:27 1.2

Cld Phys 2

Yes

E of Abu Dhabi

23 Feb

10:15 – 12:42 2.5

Chem

No

Dubai

-

29

26 Feb

10:14 – 12:35 2.3

Chem

-

No

Habshan,
BuHasa

26 Feb

14:15-14:27

0.7

Test

-

No

-

28 Feb

10:35-12:35

2.0

Chem

-

No

RAMS
Industrial Area

March
Gulf – W of
Dubai
Gulf – W of
Dubai

1 Mar

13:44-15:19

1.6

Cld Phys -

Yes

3 Mar

6:07-9:47

3.6

Cld Phys 14

Yes

6 Mar

10:17-12:54

2.7

Chem

-

No

Ar Ruwais

7 Mar

10:14-13:04

2.8

Chem

-

No

Das, Zirku

9 Mar

1

8:58-10:39

1.7

Cld Phys 23

Yes

Tarif, Habshan

9 Mar

2

13:35-16:47

3.2

Cld Phys 10

Yes

Tarif, Habshan

10 Mar

4:14-6:47

2.5

Cld Phys -

Yes

13 Mar

9:25-11:04

1.7

Chem

-

No

15 Mar

10:08-11:29

1.8

Test

-

No

SE desert

18 Mar 1

6:40-8:36

1.9

Chem

-

No

Asab Oil Field

18 Mar 2

11:20-13:22

2.3

Cld Phys 24

Yes

BuHasa

18 Mar 3

14:57-17:54

3.0

Cld Phys 23

Yes

SE desert

19 Mar 1

7:31-9:13

1.6

Cld Phys -

Yes

Asab Oil Field

19 Mar 2

11:25-14:58

3.6

Cld Phys 23

Yes

Masaﬁ, Jebel
Ali

22 Mar

11:56-13:53

1.9

Cld Phys -

Yes

Dubai, Fujairah

24 Mar

10:00-12:27

2.5

Cld Phys 14

Yes

26 Mar

10:54-12:05

1.2

Cld Phys -

Yes

29 Mar 1

11:54-13:44

1.9

Cld Phys -

Yes

N of Abu Dhabi

29 Mar 2

18:21-19:11

0.5

Cld Phys -

Yes

NW of
Abu Dhabi

No

Abu Dhabi

BuHasa,
Mydinet- Ziyed
Abu Dhabi,
Jebel Ali

W. of
Abu Dhabi
SW of
Al Dhafra

April
2 Apr

30

8:30-9:24

0.9

Chem

-

6 Apr

8:29-9:50

1.3

Chem

-

No

9 Apr

8:23-11:01

1.6

Chem

-

No

12 Apr

1

10:07-11:46

1.8

Cld Phys 4

Yes

12 Apr

2

13:44-16:18

2.6

Cld Phys 12

Yes

Jebel Ali,
Abu Dhabi
Das, Habshan,
BuHasa
Al Ain, SW of
Al Ain
Abu Dhabi to
Al Ain

During the Summer 2002 season, twenty-three ﬂights on twenty-three days were made to
study cloud microphysical properties and document precipitation processes. Twenty-ﬁve
ﬂights were conducted mainly to obtain atmospheric aerosol and trace gas observations.
However, four of those ﬂights (23-July #2, 30-July, 31-July #2, and 3-September) also
presented opportunities for cloud studies. Six additional ﬂights were conducted to test
aircraft systems and calibrate instrumentation, and during the ﬁrst of these (15-June),
some cloud penetrations were made. Cloud seeding tests and operations were conducted
on eighteen days and used a total of one hundred ninety-two hygroscopic ﬂares. Unlike
the previous three ﬁeld projects, nearly all the seeding trials were performed on convective
clouds deemed capable of developing precipitation and likely to respond to hygroscopic
seeding.
Table 4.5. Overview of research ﬂights for the Summer 2002 season. Flight numbers are only
included for days with multiple ﬂights. *Chem = Chemistry; Cld Phys = Cloud Physics.

SUMMER: June – September 2002 (54 ﬂights)
Date
15 Jun

Flt.
# of Cloud
Purpose*
Location
Time
ﬂares Studies
Te s t / C l d
E of Al Ain
12:00-13:37 1.6
Yes
Phys
(Oman)

Flight # (UTC)

19 Jun

12:17-13:14 1.0

Test

-

No

Liwa Oasis

22 Jun

8:42-9:41

1.0

Chem

-

No

Abu Dhabi

23 Jun

8:40-10:48

2.1

Chem

-

No

BuHasa, Habshan

24 Jun

6:39-8:05

1.4

Chem

-

No

Al Ain and Oman

27 Jun

11:50-14:27 2.6

Cld Phys

6

Yes

Hatta, SW of
Fujairah

28 Jun

9:36-12:02

2.4

Cld Phys

10

Yes

N of Khabbayn

29 Jun

9:39-12:11

2.5

Cld Phys

7

Yes

E of Al Hiyar

-

No

Da, Zirku Islands

July
2 Jul

8:46-12:01

3.3

Chem

31

6 Jul

10:39-13:27 2.8

Chem

-

No

Fujairah
Oman – CCN
ﬂight
Al Ain to
Al Dhafra

7 Jul

1

7:48-11:11

3.4

Chem

-

No

7 Jul

2

12:02-12:35 0.6

Chem

-

No

10 Jul

935-11:17

1.7

Chem

-

No

Al Ain

12 Jul

9:48-13:11

3.4

Cld Phys

12

Yes

E of Al Hiyar,
Masa

13 Jul

9:59-12:42

2.7

Cld Phys

10

Yes

ATBAM - Oman

15 Jul

7:44-11:57

4.2

Chem

-

No

Oman
ﬂight

16 Jul

9:54-11:33

1.7

Cld Phys

-

Yes

Oman, SE Al Ain

21 Jul

9:47-12:51

3.1

Cld Phys

-

Yes

Oman, SE Al Ain

22 Jul

10:18-13:30 3.2

Cld Phys

-

Yes

Oman, SE Al Ain

Chem

-

No

Oman
ﬂight

–

CCN

CCN

23 Jul

1

7:40-11:41

23 Jul

2

12:51-13:59 1.1

Cld Phys

-

Yes

Oman, SE Al Ain

11:03-13:55 2.9

Cld Phys

6

Yes

E of Al Hiyar, SE
of Dubai

24 Jul

4.0

–

29 Jul

1

9:40-9:54

0.2

Test

-

No

-

29 Jul

2

10:08-10:30 0.4

Test

-

No

-

9:06-12:27

3.4

Chem/Cld
4
Phy

Yes

Dubai, S of Dhaid

4.2

Chem

-

No

Oman
ﬂight

Cld Phys

-

Yes

Oman, SE Al Ain

30 Jul
31 Jul

1

7:03-11:17

31 Jul

2

12:14-13:31 1.3

–

CCN

August

32

Coast of Ras
Al Khaimah
RAMS Ind. Area,
Fujairah

2 Aug

8:43-10:52

2.2

Chem

-

No

5 Aug

9:12-11:46

2.6

Chem

-

No

7 Aug

9:36-12:32

2.9

Cld Phys

18

Yes

E of Al Ain

8 Aug

10:13-13:38 3.1

Cld Phys

6

Yes

S and W of Al Ain

9 Aug

9:21-11:38

Cld Phys

2

Yes

E of Al Ain, E of
Al Hiyar

10 Aug

10:13-10:54 0.7

Test

-

No

-

2.3

12 Aug

10:39-11:59 1.3

Chem

-

No

Habshan, BuHasa

13 Aug

6:44-7:02

Test

-

No

-

14 Aug

11:14-14:40 3.4

Cld Phys

-

Yes

Al Hiyar

15 Aug

9:32-12:20

2.8

Cld Phys

20

Yes

E/SE of Al Ain

16 Aug

10:07-11:53 1.8

Cld Phys

4

Yes

SE of Al Ain

19 Aug

12:07-14:19 2.2

Cld Phys

14

Yes

23 Aug

10:08-12:28 2.3

Chem

-

No

25 Aug

11:11-12:01 0.8

Chem

-

No

Abu Dhabi

26 Aug

10:36-13:46 3.2

Cld Phys

16

Yes

Al Hiyar, Masa

27 Aug

12:28-13:41 1.2

Chem

-

No

Oman, SE Al Ain

28 Aug

10:53-12:37 1.7

Chem

-

No

Habshan

31 Aug

9:40-11:59

Chem

-

No

Liwa Oasis

14

Yes

Oman, SE Al Ain

0.3

2.3

E of Al Hiyar,
Hatta
Coast N of Ras
Al Khaimah

September
2 Sep

12:07-14:54 2.8

Cld Phys

3 Sep

9:37-11:19

Chem/Cld
Phy

Yes

Habshan

4 Sep

12:03-15:08 3.1

Cld Phys

23

Yes

SW desert

7 Sep

10:04-12:36 2.5

Cld Phys

-

Yes

E of Al Hiyar

8 Sep

10:09-12:23 2.2

Cld Phys

10

Yes

E of Al Ain

1.7

9 Sep

1

2:33-3:06

0.6

Chem

-

No

Abu Dhabi

9 Sep

2

10:19-10:45 0.4

Chem

-

No

Mussafah

12 Sep

11:26-13:29 2.1

Cld Phys

10

Yes

E of Al Hiyar

13 Sep

11:57-13:57 2.0

Cld Phys

-

Yes

E of Al Hiyar
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The ﬂight tracks for all four ﬁeld projects are shown in Figure 4.4, which includes tracks
for both chemistry and cloud ﬂights. During the winter of both years, the cloud ﬂights
were distributed throughout the region. Conversely, during the summer months, clouds
usually occurred over the mountains; hence the concentration of ﬂights to the east. Most
ﬂight tracks during the summer that were away from the mountains sampled chemistry and
aerosol properties. The difference in concentration of mountain ﬂights between the 2001
summer and 2002 summer ﬁeld projects is due to permission from Oman in 2002 to ﬂy
into their airspace east and southeast of Al Ain. Nonetheless, some clearance restrictions
prevented complete cloud studies this area. The region devoid of ﬂights between Abu
Dhabi, Dubai and Al Ain was an Air Force restricted area and ﬂights were rarely allowed
into that airspace.

Figure 4.4. Flight tracks during the 2001 winter (upper left), 2001 summer (upper right), 2002
winter (lower left), and 2002 summer (lower right) seasons.
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4.1.2

Summary of Research Flights: Phase II (2003-2004)

During the Summer 2003 ﬁeld project (Tables 4.6 and 4.7), sixty-six ﬂights were made
by Research 1 and seventy-six ﬂights were made by Research 2 for a grand total of
142 ﬂights. There were seventeen cases treated by Research 1 and forty-two cases for
Research 2 for a grand total of ﬁfty-nine cases. Research 1 used 183 ﬂares and Research
2 used 215 ﬂares for a grand total of 408. Approximately eight specialized research
missions by Research 1 (out of seventeen attempts) collected usable data. Between both
aircraft in 2003, 227 hours were ﬂown.
Table 4.6. Overview of Research 1 ﬂights for the Summer 2003 season. Flight numbers are only
included for days with multiple ﬂights.

Research 1: June – September 2003 (65 ﬂights)
Date

Flight # (UTC)

Flt.
Experiment # of # of
Location
Times Type
Cases ﬂares

21-Jun

11:20 – 11:54 0.57

-

0

-

Miata

22-Jun

9:18 – 10:02

0.73

-

0

-

Abu Dhabi

26-Jun

10:30- 13:27 2.95

-

0

2

28-Jun

10:22 - 13:36 3.23

-

1T

6

29-Jun

13:17 - 14:48 1.52

-

0

9

Western Ridge
E of Al Ain
Western Ridge
E of Al Ain
E of Al Ain
(50 nm)

July
1-Jul

1

11:20 - 11:53 0.55

-

0

-

1-Jul

2

13:38 - 14:17 0.65

-

0

-

11:27 - 14:15 2.80

-

2T

19

7-Jul
8-Jul

1

10:25 - 11:03 0.63

-

0

-

8-Jul

2

12:20 - 14:18 1.97

-

0

-

9-Jul

1

10:55 - 11:25 0.50

-

0

-

9-Jul

2

13:30 - 14:00 0.50

-

0

-

10-Jul

11:00 - 12:17 1.28

-

0

6

11-Jul

11:10 - 14:15 3.08

-

3T

10

12-Jul

1

8:30 - 9:26

0.93

-

0

-

12-Jul

2

9:50 - 11:43

1.88

-

1

6

Trip to Al Ain
Back to
Al Bateen
Western Ridge
E of Al Ain
Landed at
Al Ain
Western Ridge
E of Al Ain
Landed at
Al Ain
Landed back
at Al Bateen
Western Ridge
E of Al Ain
Western Ridge
E of Al Ain
Landed at
Al Ain
E of Labri
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12-Jul

3

12:02 - 12:43 0.68

-

0

-

Flew from
Al Ain to
Bateen

13-Jul

1

10:20 - 11:45 1.42

-

0

-

E of Al Ain

13-Jul

2

13:20 - 15:09 1.82

-

0

-

SW of Liwa
Oasis - Saudi
Border

14-Jul

9:20 - 9:50

0.50

-

0

-

out and back

15-Jul

10:03 - 10:58 0.92

-

0

-

headed to N
of Al Ain

17-Jul

11:41 - 14:14 2.55

-

0

-

SE of Labri

20-Jul

11:55 - 14:38 2.72

-5

1

-

Over Al Ain

21-Jul

12:38 - 15:19 2.68

-

1T

8

SW parts of the
Emirates

22-Jul

11:56 - 14:06 2.17

-

1

-

SE of Labri

23-Jul

1

11:14 - 12:40 1.43

-

0

-

NE of Labri

23-Jul

2

13:11 - 14:38 1.45

-

1

8

Just E of Al Ain

10:41 - 12:19 1.63

-

0

-

Towards Al Ain

29-Jul
30-Jul

1

6:17 - 7:07

0.83

-

0

-

Delma Island

30-Jul

2

7:36 - 8:53

1.28

-

0

-

Returned to
Al Bateen

August
2-Aug

-

1

-

SE of Labri

3-Aug

1

8:37 - 9:14

0.62

-

0

-

Ferry to Al Ain

3-Aug

2

10:38 - 12:38 2.00

-

0

-

SE of Labri

3-Aug

3

14:09 - 14:39 0.50

-

0

-

Returned to
Al Bateen

12:43 - 15:07 2.40

-

0

-

SE of Labri

4-Aug

36

12:13 - 14:22 2.15

5-Aug

1

8:55 – 9:35

0.67

-

0

-

Ferry to Al Ain

5-Aug

2

12:18 - 13:54 1.60

-

1

10

Between
Sharjah &
Fujairah

6-Aug

1

9:50 - 11:43

-

1

10

E of Labri

1.88

6-Aug

2

12:20 - 14:37 2.28

-

2

10

E of Labri

25-Aug 1

6:05 - 7:33

1.47

-

0

-

Dubai

25-Aug 2

10:43 - 13:02 2.32

-

2

10

NE of Labri

27-Aug

11:15 - 14:12 2.95

-5

1

10

NE of Labri

28-Aug

12:00 - 13:34 1.57

-5

0

-

E of Labri

29-Aug

11:30 - 13:36 2.10

-

2

10

E Labri

30-Aug

10:18 - 12:49 2.52

-5

0

-

E and SE
of Labri

31-Aug

10:50 - 12:33 1.72

-5

0

-

N of Al Ain

-5

0

-

E of Al Ain

September
1-Sep

1

9:33 - 11:18

1-Sep

2

12:34 - 12:59 0.42

-

0

-

Ferry to
Al Bateen

2-Sep

1

10:16 - 12:13 1.95

-5

0

-

E of Labri

2-Sep

2

13:08 - 13:39 0.52

-

0

-

Ferry back to
Al Bateen

6-Sep

1

8:33 - 10:30

1.95

-

0

-

E of Labri

6-Sep

2

11:16 - 12:48 1.53

-

0

-

N of Al Ain

11:12 - 13:29 2.28

-5

0

-

E of Dubai

7-Sep

1.75

8-Sep

1

9:20 - 11:23

2.05

-

0

-

SE of Labri

8-Sep

2

12:15 - 14:25 2.17

-

1T

14

Southern parts
of the UAE

13-Sep

10:54 - 12:40 1.77

-

1T

8

E of Labri

15-Sep

12:09 - 14:08 1.98

-

0

-

E of Labri

18-Sep

11:20 - 12:45 1.42

-

0

-

NE of Labri

19-Sep

1

10:05 - 11:38 1.55

-

1

11

E of Labri

19-Sep

2

11:58 - 13:47 1.82

-

1

-

SE of Labri

20-Sep

1

11:09 - 13:47 2.63

-

1

10

E of Labri

20-Sep

2

14:12 - 15:15 1.05

-

0

6

NE of Al Ain

37

21-Sep

1

9:50 - 10:38

0.80

-

0

-

Ferry to Al Ain

21-Sep

2

12:32 - 13:15 0.72

-

0

-

Ferry back to
Al Bateen

4:48 - 7:02

-

0

-

instr. Intercomp

28-Sep

2.23

Table 4.7. Overview of Research 2 ﬂights for the Summer 2003 season. Flight numbers are only
included for days with multiple ﬂights.

Research 2: June – September 2003 (76 ﬂights)
Date

Flight # (UTC)

Flt.
Experiment # of # of
Location
Times Type
Cases ﬂares

20-Jun 1

7:33 – 8 :27

0.90

0

0

Miata

20-Jun 2

9:02 – 9 ;52

0.83

0

0

Miata

20-Jun 3

11:40 – 12:43 1.05

0

0

Al Ain

25-Jun

12:12 – 14:00 1.80

0

0

Western Oman

27-Jun

11:50 – 13:43 1.88

0

6

Western Oman

28-Jun

10:05 – 14:20 4.25

0

0

Western Oman

July
1

8:50 – 9:38

0.80

0

0

2-Jul

2

13:29 – 14:05 0.68

0

0

5-Jul

1

8:30 - 9:15

0.75

0

0

5-Jul

2

11:46 - 12:24 0.63

0

0

6-Jul

1

8:12 - 8:49

0.62

0

0

6-Jul

2

13:10 - 13:48 0.63

0

0

10:25 - 12:54 2.48

0

10

Out and back

14-Jul

38

Landed at
Al Ain
Return to
Al Bateen
Landed at
Al Ain
Return to
Al Bateen
Landed at
Al Ain
Returned to
Al Bateen

2-Jul

15-Jul

1

9:00 - 9:15

0.25

0

0

Out and back

15-Jul

2

10:20 - 12:58 2.63

3

10

NE of Al Ain

17-Jul

10:56 - 13:15 2.32

2

0

SE of Al Ain

18-Jul

9:01 - 10:17

0

0

Mountians
Oman

1.27

19-Jul

15:55 - 16:23 0.47

0

0

Towards Al Ain

20-Jul

1

10:36 - 13:18 2.70

3

10

Mountians
Oman

20-Jul

2

14:08 - 15:18 1.17

1

10

SW of Al Ain

21-Jul

1

11:48 - 12:56 1.13

0

0

Over Al Ain

21-Jul

2

13:46 - 15:16 1.50

1

0

SE of Labri

22-Jul

1

11:26 - 12:07 0.68

0

0

Fly to Al Ain

22-Jul

2

12:48 - 14:07 1.32

1

10

SE of Al Ain

13:25 - 14:25 1.00

0

0

23-Jul

Headed for
Al Ain
E of Al Ain &
Al Hiyar;
between Al Ain
& Abu Dhabi

24-Jul

1

10:42 - 14:20 3.63

3

10

24-Jul

2

14:44 - 16:02 1.30

1

10

S of Al Ain

25-Jul

11:39 - 13:39 2.00

0

0

E of Labri

29-Jul

12:46 - 14:20 1.57

0

10

S of Emirates

31-Jul

5:33 - 9:12

0

16

Ras
Al Khaimah

3.65

August
1-Aug

1

11:04 - 12:27 1.38

0

0

Fly to Oman &
land at Al Ain

1-Aug

2

13:23 - 14:42 1.32

1

6

E of Labri

4-Aug

11:42 - 13:42 2.00

2

16

E of Labri

5-Aug

11:11 - 13:35 2.40

0

20

SW of Emirates

7-Aug

1

10:41 - 12:34 1.88

1

6

NE of Al Ain

7-Aug

2

13:46 - 15:39 1.88

0

0

SW of Al Ain

8-Aug

1

9:45 - 10:17

0.53

0

0

Out and back

8-Aug

2

10:35 - 12:57 2.37

2

7

E of Dubai

13-Aug

10:41 - 11:18 0.62

0

0

Out and back

14-Aug

12:04 - 13:02 0.97

0

0

Fly to Labri &
back
39

15-Aug

12:05 - 13:42 1.62

0

0

Fly to Labri,
SE & back

16-Aug

11:15 - 13:03 1.80

0

0

E of Labri

17-Aug 1

8:54 - 9:40

0.77

0

0

Ferry to Al Ain

17-Aug 2

10:12 - 12:09 1.95

1

11

E of Labri

17-Aug 3

13:00 - 13:37 0.62

0

0

Ferry to
Al Bateen

18-Aug 1

9:21 - 10:50

1.48

1

0

E of Labri

18-Aug 2

11:34 - 12:55 1.35

0

0

19-Aug 1

8:42 - 11:11

2.48

0

0

19-Aug 2

12:00 - 12:44 0.73

0

0

Al Ain to Labri

22-Aug

10:06 - 12:54 2.80

2

10

E of Labri

23-Aug 1

10:06 - 12:15 2.15

2

17

E of Labri

23-Aug 2

12:42 - 14:24 1.70

1

0

E of Labri

24-Aug

10:13 - 11:53 1.67

0

0

SE of Labri

27-Aug 1

10:10 - 12:31 2.35

3

20

SE Labri

27-Aug 2

13:10 - 13:46 0.60

0

0

Back to Bateen

28-Aug

10:31 - 13:16 2.75

2

10

E of Labri

30-Aug

10:00 - 12:48 2.80

2

10

E and SE
of Labri

Al Ain back
to Bateen
Mountains
of Oman

September
2-Sep

1

10:36 - 11:19 0.72

0

0

Ferry to Al Ain

2-Sep

2

12:50 - 13:24 0.57

0

0

Ferry back to
Al Bateen

6-Sep

1

8:25 - 10:30

2.08

0

15

E Labri

6-Sep

2

11:10 - 12:50 1.67

1

0

NE of Al Ain

9:15 - 13:22

4.12

2

11

E of Labri &
Dubai

7-Sep

40

8-Sep

1

9:15 - 11:07

1.87

1

10

E Labri

8-Sep

2

12:08 - 12:58 0.83

0

0

Al Ain
to Bateen

9-Sep

1

9:27 - 9:42

0.25

0

0

Test ﬂight

9-Sep

2

10:04 - 12:14 2.17

0

16

E of Labri

10-Sep

11:41 - 12:16 0.58

0

0

S of Abu Dhabi

13-Sep

10:50 - 12:48 1.97

0

0

E of Labri

18-Sep

11:47 - 13:49 2.03

1

0

NE of Labri

19-Sep 1

10:12 - 11:54 1.70

1

10

SE of Labri

19-Sep 2

12:12 - 13:49 1.62

0

0

E of Labri

20-Sep

11:40 - 14:37 2.95

1

0

SE of Labri

21-Sep 1

9:40 - 11:49

0

0

21-Sep 2

12:30 - 13:15

0

0

22-Sep 1

11:27 - 13:35 2.13

0

20

SE of Labri

28-Sep 2

4:50 - 6:20

0

0

Labri

2.15
0.75

1.50

Scout for
clouds
Return to
Al Bateen

During the Summer 2004 ﬁeld project (Tables 4.8 and 4.9), seventy-ﬁve ﬂights were
made by Research 1 and eighty-three ﬂights were made by Research 2 for a total of 158
ﬂights. Twelve cases were treated by Research 1 and sixty-three cases by Research 2 for
a total of seventy-ﬁve cases. Research 1 used 59 ﬂares and Research 2 used 326 ﬂares for
a grand total of 385 ﬂares used on treated cases. Fifteen special experiment types were
ﬂown by Research 2. A total of 271.5 hours were ﬂown by the two aircraft in 2004.

Table 4.8. Overview of Research 1 ﬂights for the Summer 2004 season. Flight numbers are only
included for days with multiple ﬂights

Research 1: June – September 2004 (75 ﬂights)
Date

Flt.
Experiment # of
# of
Location
Times Type
Cases ﬂares
Liwa and SE
9:10 – 10:46 1.60
0
0
desert

Flight # (UTC)

17-Jun
24-Jun

7:42 – 8:28

0.77

0

20

S to test ﬂares

26-Jun 1

6:10 - 6:54

0.73

0

0

Flight to Al Ain

26-Jun 2

12:05 - 13:37 1.53

0

0

40 nm E of
Al Ain

41

July
2-Jul

0

0

SE towards
Liwa
Landed at
Al Ain
Back to
Al Bateen
E of Labri Landed at
Al Ain
N of Itrax
(10nm)

5-Jul

1

11:49 - 12:58 1.15

0

0

5-Jul

2

13:30 - 14:02 0.53

0

0

7-Jul

1

9:50 - 12:18

0

0

7-Jul

2

13:08 - 14:33 1.42

0

0

8-Jul

1

9:45 - 12:43

0

0

E Labri 43nm

8-Jul

2

13:39 - 14:21 0.70

0

0

Returned
Bateen

9-Jul

1

9:00 - 11:30

2.50

1

0

E Labri 23nm

9-Jul

2

12:06 - 13:25 1.32

0

0

10-Jul

1

8:08 - 11:42

3.57

3

10

10-Jul

2

12:34 - 13:35 1.02

0

0

11-Jul

1

7:55 - 11:23

3

11

11-Jul

2

12:10 - 14:17 2.12

0

0

R51 and north

11-Jul

3

14:39 - 15:10 0.52

0

0

Returned
Bateen

12-Jul

1

8:38 - 11:46

1

7

E Labri 58 nm

12-Jul

2

12:58 - 13:29 0.60

0

0

13-Jul

1

8:51 - 10:36

1.75

1

0

13-Jul

2

11:47 - 13:43 1.93

0

0

14-Jul

9:54 - 12:49

2.90

0

0

E Labri

15-Jul

11:05 - 14:01 2.93

1

0

S of Masa

19-Jul

11:15 - 12:30 1.25

0

0

S R51 area

8:25 - 8:58

0

0

Ferry to Al Ain

22-Jul
42

14:30 - 16:37 2.12

1

2.47

2.97

-5

-5

3.47

3.10

0.55

-5

-5

Returned
Bateen
E of Labri Landed at
Al Ain
Between Hatta
& Masa
Between Hatta
& Masa

Returned
Bateen
E of Labri Landed at
Al Ain
E of Labri Landed at
Al Bateen

22-Jul

2

23-Jul

13:11 - 14:12 1.02

0

0

Around R51 to
DBX then RTB

8:06 - 8:40

0.57

0

0

Ferry to Al Ain

2.97

0

0

CB,P

150km SE of
Al Ain to Hatta
Ferry back
to base

23-Jul

1

9:28 - 12:26

23-Jul

2

13:24 - 13:55 0.52

0

0

24-Jul

1

8:40 - 9:14

0

0

Ferry to Al Ain

24-Jul

2

13:05 - 14:28 1.38

0

0

SE Lab 28b nm

24-Jul

3

14:51 - 15:21 0.50

0

0

Return to base

25-Jul

1

8:34 - 9:10

0

0

Ferry to Al Ain

25-Jul

2

10:38 - 13:04 2.43

0

0

25-Jul

3

13:31 - 14:00 0.48

0

0

26-Jul

1

9:00 - 9:37

0.62

0

0

Ferry to Al Ain

26-Jul

2

12:00 - 14:10 2.17

0

0

SE Labri 24 nm

26-Jul

3

14:25 - 14:56 0.52

0

0

Ferry back
to Bateen

27-Jul

1

9:00 - 9:37

0.62

0

0

Ferry to Al Ain

27-Jul

2

12:41 - 13:10 0.48

0

0

Return to base

28-Jul

1

8:57 - 9:32

0.58

0

0

Ferry to Al Ain

28-Jul

2

12:17 - 13:15 0.97

0

0

Return to base

29-Jul

1

8:29 - 9:08

0

0

Ferry to Al Ain

29-Jul

2

10:06 - 13:20 3.23

1

11

NE of Labri

29-Jul

3

13:59 - 14:31 0.53

0

0

Return to base

30-Jul

1

7:51 - 8:28

0.62

0

0

Ferry to Al Ain

30-Jul

2

10:10 - 11:40 1.50

0

0

just E of Al Ain

30-Jul

3

12:16 - 12:48 0.53

0

0

Ferry to base

31-Jul

1

9:43 - 10:18

0.58

0

0

Ferry to Al Ain

31-Jul

2

12:03 - 12:33 0.50

0

0

Return to base

0.57
P

0.60
-5,P

0.65
P

E/NE Labri
40 nm
Ferry back
to Bateen

43

August
4-Aug

1

10:33 - 12:06 1.55

0

0

E of Labri

4-Aug

2

12:34 - 13:00 0.43

0

5-Aug

1

8:30 - 9:08

0.63

0

0

Ferry to Al Ain

5-Aug

2

10:28 - 12:56 2.47

0

0

E of Labri

5-Aug

3

14:37 - 15:12 0.58

0

0

Return to base

6-Aug

1

9:06 - 9:46

0.67

0

0

Ferry to Al Ain

6-Aug

2

11:23 - 12:54 1.52

0

0

NE of Labri

11:50 - 13:31 1.68

0

0

E of Labri

0

0

E of Labri

0

0

N of OMR51

7-Aug
9-Aug

1

10:46 - 12:26 1.67

9-Aug

2

12:56 - 13:52 0.93

-5

10-Aug 1

9:26 - 11:24

1.97

-5

0

0

E Labri

10-Aug 2

12:02 - 13:57 1.92

-5

0

0

E Labri

11-Aug 1

8:09 - 8:45

0.60

0

0

Ferry to Al Ain

11-Aug 2

12:10 - 12:55 0.75

0

0

Return to
Al Bateen

31-Aug

10:28 - 12:58 2.50

0

0

E of Labri

September
1-Sep

44

9:45 - 12:26

2.68

ﬂ to -3

0

0

E of Labri

2-Sep

1

9:00 - 11:40

2.67

ﬂ to -3

0

0

E of Labri

2-Sep

2

12:25 - 13:40 1.25

ﬂ to -3

1

0

SE of Labri

6-Sep

1

8:52 - 9:53

1.02

0

0

test ﬂight Liwa

6-Sep

2

11:35 - 14:00 2.42

0

0

cloud pens
east Al Ain

7-Sep

12:09 - 14:09 2.00

0

0

Over Al Ain

8-Sep

11:36 - 11:56 0.33

0

0

Over City

12-Sep

11:37 - 14:31 2.90

-3

0

0

13-Sep

8:50 - 10:27

0

0

0

1.62

E/SE 40 Nm
Labri
E/SE 40 Nm
Labri

Table 4.9. Overview of Research 2 ﬂights for the Summer 2004 season. Flight numbers are only
included for days with multiple ﬂights.

Research 2: June – September 2004 (83 ﬂights)
Date

Flight # (UTC)

Flt.
Experiment # of # of
Location
Times Type
Cases ﬂares
Liwa & SE
1.68
0
0
desert

17-Jun

9:11 - 10:52

21-Jun

8:16 - 11:35

3.32

0

0

No clue
Abu Dhabi to
Al Ain
Al Ain to
Abu Dhabi

23-Jun

1

5:25 - 6:04

0.65

0

0

23-Jun

2

11:44 - 1:316 1.53

0

0

24-Jun

7:29 - 8:15

0.77

0

19

S to test ﬂares

25-Jun

10:10 - 13:16 3.10

2

10

E of Labri

26-Jun

1

12:00 - 13:08 1.13

0

0

Land in Al Ain

26-Jun

2

15:15 - 15:48 0.55

0

0

Back to Bateen

27-Jun

1

8:48 - 9:20

0.53

0

0

Bateen- Al Ain

27-Jun

2

13:05 - 13:42 0.62

0

0

Al Ain
to Bateen

9:14 - 9:55

0

0

Bateen- Al Ain

29-Jun

0.68

July
4-Jul

9:26 - 10:12

0.77

0

0

Mountains

5-Jul

11:44 - 13:07 1.38

0

0

Mountains

6-Jul

10:43 - 12:09 1.43

1

10

Labri 35 nm
023

7-Jul

10:26 - 12:26 2.00

2

10

E of Al Ain

8-Jul

10:25 - 13:04 2.65

2

20

SE of Al Ain

9-Jul

8:56 - 11:40

2.73

2

10

E of Al Ain

10-Jul

8:20 - 11:43

3.38

1

0

NE of Labri

11-Jul

1

7:45 - 11:18

3.55

1

0

E of Labri

11-Jul

2

12:06 - 14:08 2.03

1

6

N of Al Ain

7:39 - 11:22

2

10

All
along mountain

12-Jul

3.72

45

13-Jul

10:10 - 12:50 2.67

2

0

E of Al Ain &
S of Hatta
Al Ain –
Abu Dhabi
Abu Dhabi –
Al Ain

18-Jul

1

2:48 - 3:22

0.57

0

0

18-Jul

2

11:57 - 12:32 0.58

0

0

21-Jul

9:58 - 13:02

3.07

2

0

E of Al Ain

22-Jul

9:14 - 12:53

3.65

2

0

E of Al Ain &
Labri

23-Jul

9:13 - 12:53

3.67

1

10

SE of Labri

24-Jul

11:02 - 14:31 3.48

0

0

NE Labri

25-Jul

9:26 - 13:12

3.77

0

0

SE and E
of Labri

29-Jul

11:23 - 12:57 1.57

1

10

E of Al Ain

August

46

1-Aug

10:52 - 13:52 3.00

1

0

Very SE
of Labri

2-Aug

12:15 - 13:26 1.18

0

0

SE of Al Ain

5-Aug

9:30 - 13:55

4.42

1

0

E of Labri

6-Aug

11:38 - 13:26 1.80

0

10

7-Aug

3:55 - 4:30

0.58

0

0

8-Aug

10:02 - 10:36 0.57

0

0

Ferry to Al Ain

Just E of
Al Ain
Ferry to
Al Bateen

9-Aug

1

11:05 - 12:25 1.33

0

0

E of Al Ain

9-Aug

2

12:47 - 13:46 0.98

0

0

By Gidis

10-Aug 1

9:56 - 11:25

1.48

1

0

SE of Labri

10-Aug 2

11:55 - 13:55 2.00

0

0

E of Al Ain

16-Aug

11:30 - 12:18 0.80

0

0

E of Al Ain

17-Aug 1

8:28 - 9:00

0.53

0

0

Ferry to
Al Bateen

17-Aug 2

12:36 - 14:30 1.90

1

10

SE of Al Ain

18-Aug 2

10:37 - 12:37 2.00

1

10

SE of Labri

18-Aug 3

13:06 - 13:50 0.73

0

0

SE of Labri

Very SE
of Labri
E of Al Ain to
N of Hatta
E of Al Ain to
N of Hatta
N and W of
Al Ain

19-Aug

10:43 - 13:17 2.57

0

0

20-Aug

8:30 - 12:28

3.97

1

15

21-Aug 1

8:50 - 11:50

3.00

1

10

21-Aug 2

12:38 - 14:06 1.47

0

0

22-Aug

10:22 - 12:43 2.35

0

0

E Labri

23-Aug 1

4:14 - 4:50

0.60

0

0

Ferry

23-Aug 3

10:31 - 12:38 2.12

0

6

Labri

24-Aug

10:45 - 13:00 2.25

0

0

Labri

25-Aug

9:39 - 11:50

2.18

0

0

E of Labri

26-Aug

7:58 - 9:27

1.48

1

10

NE Labri

30-Aug

10:55 - 12:49 1.90

1

0

SE of Labri

31-Aug

10:57 - 12:45 1.80

0

0

No good
clouds

September
1-Sep

9:38 - 11:38

2.00

1

10

E Labri

2-Sep

1

8:50 - 11:45

2.92

2

16

E Labri

2-Sep

2

12:31 - 13:36 1.08

0

0

Out Al Ain

3-Sep

1

9:10 - 11:45

2.58

2

10

E Labri

3-Sep

2

12:51 -;13:30 0.65

0

0

Ferry

4-Sep

1

10:35 - 11:57 1.37

1

10

38 nm E Labri

4-Sep

2

12:32 - 13:50 1.30

0

0

Same area
& back to
Al Dhafra

4-Sep

3

14:24 - 14:56 0.53

0

0

Ferry

11:38 - 13:58 2.33

1

0

NE of Labri

12-Sep
13-Sep

1

8:45 - 12:21

3.60

3

10

Gidis and W

13-Sep

2

12:42 - 14:12 1.50

0

0

UAE

14-Sep

1

9:28 - 11:43

3

10

E of Al Ain &
Gidis

2.25
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14-Sep

2

11:56 - 14:15 2.32

0

0

15-Sep

11:18 - 12:55 1.62

0

0

16-Sep

11:54 - 13:40 1.77

0

0

17-Sep

10:00 - 13:03 3.05

1

0

Gidis &
Bu Hasa areas
Deep SE of
Labri
E of Al Ain
E of Al Ain
to N of R51
Along mtns E
of Al Ain
Around R51 to
AUH
Along mtns
from Hatta to
E of Labri

18-Sep

1

9:49 - 11:55

2.10

2

10

18-Sep

2

12:12 - 13:52 1.67

0

0

19-Sep

1

8:37 - 12:16

3.65

5

10

19-Sep

2

12:39 - 14:20 1.68

1

10

20-Sep

1

9:43 - 12:22

2.65

3

16

20-Sep

2

12:39 - 14:16 1.62

0

0

22-Sep

11:39 - 13:04 1.42

1

0

R51

23-Sep

9:50 - 12:45

2.92

0

0

West mtns
Al Ain to
Dhaid

24-Sep

9:06 - 12:27

3.35

5

19

Al Ain to Hatta

25-Sep

9:54 - 12:17

2.38

1

9

N or Hatta to
E of Labri

S of Dhaid
Along mtns
from Hatta to
SE of Labri
S and E of
Dhaid

The ﬂight tracks for both aircraft during 2003 and 2004 are shown in Figure 4.5. As was
found in 2001-2002, clouds usually occurred over the mountains; hence the concentration
of ﬂights to the east. Authorities in Oman kindly granted permission that allowed ﬂights
into Oman airspace east and southeast of Al Ain during both seasons. However, some
clearance restrictions prevented complete cloud studies throughout the UAE and Oman
airspaces. The region devoid of ﬂights between Abu Dhabi, Dubai and Al Ain is an Air
Force restricted area and ﬂights were rarely allowed into that airspace.
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Figure 4.5. Flight tracks for Research 1 (upper left) and Research 2 (upper right) during the 2003.
Flight tracks for Research 1 (lower left) and Research 2 (lower right) during the 2004.

4.2

WEATHER RADARS

The DWRS, in collaboration with the UAE Air Force, Dubai’s Department of Civil
Aviation (DCA), and Abu Dhabi’s DCA, developed and continues to operate a national
weather radar capability with the goal of identifying regions of precipitation and producing
quantitative precipitation estimates on a much better spatial and temporal scale than can
be achieved with rain gauges. To assist in collecting and archiving quantitative radar data,
NCAR installed TITAN/CIDD software on computer systems at several locations and
provided training and guidance on the operation of these systems. Substantial effort was
expended in integrating and networking these systems with the radars and DWRS, and
in evaluating the capabilities of the radars themselves. More attention was focused on
the Al Ain radar during 2003-2004, because it was the primary radar for operations and
evaluation of the seeding experiments.
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Over the past four years, NCAR radar engineers have identiﬁed several problems with
the operation of the radars, some of which remain unsolved. In particular, the EEC
EDGE controller, processor and display system was identiﬁed as being difﬁcult to both
understand and program accurately for radar operations. Its original design was meant
for highly automated radar operations and for providing qualitative information to users
who were not well versed in radar meteorology. Initially, communications problems also
plague this system, causing data dropouts (missing beams of data) at moderate network
speeds.
Another complicating feature of the radar data in the UAE is “clutter”, caused mainly
by anomalous propagation (AP). Normal ground clutter and sea clutter is exaggerated
during periods of AP, which commonly occurs when the nocturnal inversion develops
with a high moisture gradient near the surface. Accurate rainfall estimates require the
implementation of an algorithm or special scan strategy to eliminate or at least minimize
this phenomenon. A radar data quality enhancement study was implemented in 2002,
with further reﬁnements and testing into 2005. The resulting algorithm, while nearly
complete, continues to be ﬁne tuned for the UAE environment for implementation on
each of the radars.
4.2.1

UAE Radar Network

Receiving and archiving quantitative radar data are essential in assessing the feasibility
of rainfall enhancement, and are especially needed during intensive observational periods
when research and seeding ﬂights are being made. From a broader perspective, reliable
radar operations and data gathering are desired for real-time weather depictions and for
current and future studies on rainfall characteristics in the UAE region. Initially, a TITAN/
CIDD analysis and display software system was implemented at the Al Dhafra Air Force
Base meteorological ofﬁce to continuously collect information on natural and seeded
clouds, and to help direct data collection operations with the cloud physics aircraft. As
the goals of DWRS evolved, a plan developed to link all the UAE radars together and
produce a single mosaic display using The TITAN/CIDD system (as was done in South
Africa and Argentina, for example). Thus, the concept of a UAE radar network was
developed and supported by the DWRS as part of their mission.
Radar Characteristics
Five ﬁxed and one mobile C-band weather radars manufactured by Enterprise Electronics
Corporation (EEC) comprise the UAE radar network. These radars use magnetron
power sources and have nominal transmitter powers of 250-300 kW. The UAE radars
are equipped with either analog receivers and their associated signal processors (ESP7) or EDRP-8 digital receiver/processors. The Al Dhafra and Dubai radars have the
ESP-7 system and all other radars have EDRP-8 systems. They all are Doppler-capable.
The Al Ain, Dubai and Mobile radars have the capability of transmitting and receiving
two polarization states through the use of a switch. However, operating them in dual50

polarization mode is very limiting and the quality of the switch provides little additional
information. Therefore, all the radars are operated in the normal weather polarization
state: horizontal. Other characteristics vary somewhat and are listed in Table 4.10.
Table 4.10. Some characterisitcs of the UAE radars

Radar
(Model)
Al Dhafra

(DWSR-88C)

Dubai

(DWSR-2500C)

Mobile

(DWSR-2500C)

Al Ain

(DWSR-2501C)

M u z a i r a

(DWSR-2501C)

Dalma

(DWSR-2501C)

Frequency Antenna
(MHz)
Beamwidth

Ant.
Gain

Position
(Lat, Long)

5633

1.20°

43.1

24.2544N, 54.5506E

5597

0.93°

46.0

25.2603N, 55.3503E

5600

2.25°

38.0

24.2686N, 55.6025E
(Al Ain:2001-03)
25.1019N, 56.3433E
(Fujairah:
2004present)

5616

0.95°

45.7

24.2656N, 55.6197E

5597

0.96°

45.1

23.1048N, 53.7558E

5596

0.96°

45.1

24.5024N, 52.3318E

4.2.2 TITAN/CIDD Analysis and Display Software System (referred to as Titan)
The data display and archival capabilities of the UAE radars were upgraded with Titan
(Dixon and Weiner, 1993), and were networked into the DWRS ofﬁce. With Titan, the
characteristics of rainstorms are capable of being monitored to understand: (1) the
large-scale organization of the storms, (2) their frequency of occurrence, (3) their spatial
distribution in the area of study, and (4) their history of size and intensity. An essential
part of the radar analysis involved determining the number of storms occurring over the
various areas of the UAE, in order to establish: (1) the length of time required to perform
a later randomized experiment for quantitatively describing the potential rainfall increase
from seeding, (2) the needs of operational aircraft in treating these storms in a timely
manner, (3) the areal extent of rainfall increases that might be possible from seeding,
and (4) rainfall characteristics for input into hydrological models. Long-term records of
Titan radar data can be stored on a single computer disk for later analysis and evaluation,
making it a very convenient and useful archival and research tool.
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One purpose of the software upgrade and networking of radars was to provide a national
precipitation product, allowing for a centralized radar data archive. This activity was
coordinated through the DWRS. Data from the UAE radars were collected in volumescan mode using Titan. In the case of convective storms, Titan identiﬁes each storm
seen by the radar, tags it with a speciﬁc identiﬁer, determines the storm properties (such
as height, volume, area, centroid, intensity, rainfall, speed of motion), and tracks it
over the ground (see Figure 4.6). Titan can be used to predict the future location and
intensity of a storm by looking at its historical trend (although this aspect is not pivotal
to the current work). The type of storms responsible for the bulk of the rainfall (such as
their dynamical organization) can also be documented. Most important rain events are
primarily convective in nature, but some stratiform rain also occurs. The latter is not a
suitable candidate for hygroscopic seeding. Using Titan, the typical lifetimes, sizes, and
intensities of storms can be determined, in order to put these Arabian storms in the context
of storms observed in other parts of the world.

Figure 4.6. Example of Titan analyses of a thunderstorm east of Al Ain on 28 June 2001. On
the left is a CAPPI showing reﬂectivities (color scale on right) with green range rings from the
Al Dhafra radar. On the right is the time history of different storm properties for the highlighted
storm in the CAPPI (Track 2305).

A Titan machine (PC linux workstation with Titan installed), which ingests, processes,
records, compresses, and communicates radar data ﬁles, is located at each radar. Two
primary ﬁles types are saved and transmitted to DWRS: 1) radar coordinate data from the
raw beam input (azimuth, elevation, range), often called “raw” data, and 2) interpolated
Cartesian data (x, y, z). The raw data are recorded every degree in azimuth, every 500 m
in range and at every elevation angle in the scan strategy. An example directory name in
“$RAP_DATA_DIR/mdv” is “radarRawAD”, which is the radar coordinate data from the
Al Dhafra radar. The Cartesian data are interpolated to a gridbox of 750 m on a side over
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a total grid volume of 200 km x 200 km x 18 km. These data are stored in similarly named
directories (e.g., “radarCartAD”). File sizes are typically less than 100 kB (one ﬁle for
each volume scan), depending on the quantity of radar echoes present.
Two radar data display systems reside in Titan: Rview (such as displayed in Fig. 4.6) and
CIDD (of which Fig. 4.9 is an example). Rview is typically used for operational purposes,
tailored to a particular ﬁeld project, with the capability of displaying some additional data
sets (aircraft tracks, limited map information). CIDD (Conﬁgurable, Interactive Data
Display) was developed for displaying real-time gridded data in NCAR ﬁeld research
projects, and is not limited to radar data (although it reads the same data format as Rview).
This display software has been used in forecasting experiments for thunderstorms, hail,
and icing; in aviation weather product veriﬁcation; and in coordination of research aircraft
and vehicles. It has been used for displaying real-time data from radars, models, surface
analysis, satellite imagery and tracking algorithms.
In addition to real-time display, the software provides archival data access and movie
looping capability. It also provides extensive overlay display capabilities, including
geographic maps (state and county borders, roads, terrain), wind vector sets, icons (radars,
mesonet stations, airports, airplanes, vehicles), and real-time weather alerts or symbolic
products (gust fronts, station plots, microbursts, storm tracking, precipitation, weather
forecasting).
4.2.3

Scan Strategy Development and Radar Calibration: 2001-2002

During the Winter 2001 ﬁeld project, data from only the Al Dhafra radar was available
(Figure 4.7). In March 2001, the radar at Dubai International Airport came online after
network limitations were solved. In 2002, the DWRS mobile radar began operations at
the Al Ain International Airport. In addition, new ﬁxed radars were installed in late 2002
(after the summer ﬁeld project) at Al Ain, at Meziyrah in the Liwa region, and on Dalma
Island. Only data from the Al Dhafra, Dubai and Mobile radars were collected during the
2001-2002 ﬁeld projects, and as described later, were not consistently of good quality.
Reliable communications, operation, and calibration of the UAE radars are essential for
the continuous collection of quantitative information on natural cloud characteristics
and precipitation, and hence to the evaluation of any cloud seeding operations. During
the initial preparations in November 2000, several problems related to networking,
maintenance, and calibration of the radars was encountered, requiring evaluation by radar
experts to assess the state of the radars.
For two weeks in mid-December 2000, Dr. Jeffrey Keeler, a radar expert from NCAR:
1. visited the two existing radar sites at the Al Dhafra Air Force Base and at the
Dubai International Airport,
2. evaluated and recommended a common scanning strategy to meet both
forecasting and research needs,
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3.
4.

suggested radar calibration procedures (actual calibration work was hampered
during his visit by the lack of test equipment),
visited the proposed sites for two of the three new C-band Doppler radars being
purchased from EEC - Meziyrah (Liwa region) and Al Ain airport. (The Dalma
Island site was not visited.)

Figure 4.7. The Al Dhafra weather radar.

The results from Keeler’s UAE visit indicated the following problems:
• The EEC EDGE system existed at each of the radar sites for local display and
control. However at Dubai, the radar sent the base data to the EDGE system
via a 64 kbps data link. This link was too slow to utilize the full meteorological
potential of the radar and severely limited the use of the radar for real-time use
and rainfall studies.
• The towers of both radars were higher than necessary. They could have been
10-15 m lower, resulting in better shielding of sea clutter by nearby buildings
while still seeing over them.
• The EDGE display system had limitations for real-time observations. At both
the Al Dhafra and Dubai radars, whenever data were being transferred, products
generated or processor parameters changed, the display did not update, resulting
in some sectors of the real-time image being lost.
• No common maintenance and calibration procedures were being performed at
either radar.
• The radars had different, very limited scan strategies based on the needs of the
individual forecast ofﬁces.
• No radar data were archived.
In order to collect high-quality radar data that would satisfy the requirements for general
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forecasting, aviation forecasting, and the rainfall studies, a new volume scan strategy was
developed and implemented. This scanning strategy is compatible with Titan processing
routines, and (with minor changes) was used for the 2001-2002 ﬁeld project periods. It
was important that the same scan strategy be used at all the radars to provide a compatible
data set and to allow a more precise analysis of the precipitation data. The initial scan
strategy was as follows:
• Pulse Repetition Frequency = 620 (resulting in a maximum range of 240 km)
• Pulse length = 0.8 µs (equivalent to 120 m)
• Gate spacing = 500 m (equivalent to 3.33 µs)
• Number of samples (for averaging) = 30
• SQI = 40% [30-50%]; this is a noise ﬁlter
• Clutter ﬁlter = 4 [3-7 is ok]; this is a Doppler notch ﬁlter for ground clutter
• Range Normalized = On (this should always be on.)
• Unfolding = Off
• Noise level = 2 dB
• PPI scan rate at 20° s-1, set to complete a full 360° PPI before stepping up to the
next elevation angle
• Elevation angle list (17 angles, in degrees): 0.5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.7, 8.0,
9.6, 11.5, 13.7, 16.2, 19.2, 22.6, 26.6, 30.8, 35.5
• Resulting volume scan time: about 6:30 minutes
• Volume repeat time set for 10:00 min (compromise with operational needs.)
Slight changes to the number of samples and the scan rate allowed for a volume repeat time
of 6 min, which was utilized on the Al Dhafra radar for the 2001 winter project. The scan
strategy was changed to the above parameters for the Al Dhafra and Dubai radars during
the 2001 summer project (e.g., volume scans every 10 min). Subsequent investigation
into dropouts of radar data showed that the EEC processor speed was not fast enough to
allow for the theoretical scan rate, and therefore the scan rate was decreased to 17-18° s-1.
This resulted in longer volume scan times, but still shorter than the volume repeat time
of 10 min. In 2003, further reﬁnement of the volume scan strategy was performed that
remained within the limits of the EEC processing system and yet provided shorter volume
scan times for adequately sampling of convective storms through a typical life cycle.
Following Keeler’s visit, 1) a plan was developed to bring a radar calibration engineer
from NCAR to the UAE to conduct a thorough calibration check of the radars when the
network links were established; 2) the use of common test equipment for the calibration
checks was suggested; 3) siting suggestions were made on the future Meziyrah, Dalma
and Al Ain locations for the new EEC radars, and 4) recording of Al Dhafra radar data
started during December 2000.
In April 2001 after the establishment of the network links, Mr. Jonathan Lutz (NCAR
radar engineer) visited the UAE for a maintenance and calibration check on the radars.
Problems were identiﬁed at both radars but especially at the Al Dhafra radar, where several
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parts had to be replaced including the magnetron. The result of these calibration checks
indicated that the Al Dhafra radar was underestimating the intensity of the radar echoes
by 12-15 dBZ. However, the intensity error was variable throughout the winter project,
making the 2001 winter data of very limited quantitative value. Therefore, characterizing
cloud echoes during the 2001 winter project was limited to qualitative overviews, and no
quantitative evaluation of the rainfall enhancement project could be accomplished.
During the 2001 summer project, missing beams of radar data continued to plague the data
streams, especially at the Dubai radar. The exact cause of this problem was difﬁcult to
determine, but possible incompatibilities in networking (LAN) between the ESP-7 radar
processor and EDGE and between EDGE and the Titan computer were identiﬁed by EEC
engineers, working with NCAR personnel. In January 2002, potential LAN problems
were partly addressed by adding an additional network card to the EDGE machines and
isolating the line from the radar processor to the EDGE machine. At Al Ain and Al
Dhafra, the additional network card and trials of moving the EDGE machine close to
the radar seemed to improve, though not completely solve, the missing beams problem
(assuming the cause is excessive collisions from network trafﬁc on the radar data transfer
procedure.) At Dubai, the LAN continues to be questionable because of the shared
Ethernet connection (and hence network trafﬁc) between the remotely located radar and
the EDGE machine. At the same time, an update to EDGE software was accomplished
that successfully changed the client data transfer protocol from UDP to TCP/IP. The two
solutions together improved but did not completely solve the problem of missing beams
of radar data, and discussions are continuing between EEC and NCAR as to how to
proceed beyond the data transfer protocol ﬁx.
In April 2002, Lutz again visited each of the radars to perform calibration checks and assess
their general condition, as well as further educate the radar operators and technicians on
how to evaluate the radars’ performance. Several problems surfaced during his visits:
1. At Al Dhafra, the radar transmitter power was very low (63 kW) and was
subsequently adjusted to 201 kW (within operating speciﬁcations). For the
calibration of the radar constant, injection of a test signal showed that the
reﬂectivity values were 4 dB too high. These two adjustments (increasing the
transmitter power and decreasing the radar constant) effectively canceled each
other, such that the previous reﬂectivity values were within 2 dB of the calibrated
values. A solar calibration procedure was setup, and one result was to verify that
the azimuth angle had no error.
2. At the Mobiel radar in Al Ain, the receiver calibration check revealed discrepancies
that required a full calibration. However, problems with the EDGE software at
the time precluded running the Intensity Calibration procedure. As a temporary
estimate, the “calibrated reﬂectivity” was adjusted to provide a match of 40 dBZ
at 100 km. (Echoes stronger than this will be overestimated and less than this
will be underestimated.) A solar calibration check showed an azimuth angle
error of 4°, which was corrected (adjusted 4° clockwise).
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3.

At Dubai, the Doppler capability was inoperative (COHO improperly tracking).
Use of EDGE “Filter” value 5, used in the scan strategy, caused weather echoes
to be ﬁltered. Several days after Lutz’ visit, the COHO problem was corrected.
A calibration check revealed that reﬂectivities were about 8 dB too low. The
“calibrated reﬂectivity” value was adjusted and comparison of weather echoes
with the other radars (that were occurring during the visit) showed agreement
within about 3 dB. A solar calibration check showed an azimuth angle error of
about 1° (CW correction), but this was deemed adequately accurate. A simple
procedure for monitoring basic radar performance was explained at all three
radars.

During Lutz’ visit, it was concluded that solar calibrations are possible on the EEC radars,
however reﬁnement of the technique would still be needed. Difﬁculties in calibrating
radars using solar ﬂux include: the time difference between radar measurements and
standard ﬂux measurements, the ability to track the position of the sun, signal to noise
problems especially for lower gain antennas, conversion of ﬂux values to different
frequencies, extended source corrections, and signal processing of a broadband source.
There are also difﬁculties related to the speciﬁc radar being calibrated, mostly in the
software’s applicability to the required measurements. For better accuracy on the EEC
radars, improved measurements are required. The normalized ﬂux is very sensitive to the
receiver bandwidth, about 0.5 dB/100 kHz. Therefore an improved estimate of receiver
bandwidth should be done using a calibrated noise source. Also, because the received
solar power is less than 10 dB above the noise, accurate noise corrections should be used,
again based on calibrated noise source data. Finally, many measurements need to be
made to calculate average signal variations, or better yet data should be averaged over
range to improve the statistics. In the case of the UAE radars at the end of 2002, the state
of the art for solar calibration was still in the feasibility stage, however preliminary results
looked promising. With reﬁnement of the techniques, routine solar calibrations could
rapidly spot differences with a radar’s dBZ calibrations and could have major effects on
the Z-R rainfall quantiﬁcation measurements.
4.2.4

Scan Strategy Development and Radar Calibration: 2003-2004

The EDGE software, installed on a workstation at each radar, is a necessary part of the
radar system since it controls the radar as well as logs and displays the data. Through
the EDGE software, many parameters are conﬁgurable that affect the control of the
radar and the data processing. Several of the more common or critical parameters are
listed below, as they existed in June of 2004. However, the parameters changed often as
different operators reset the EDGE software at different times throughout 2003 and 2004.
In particular, the Al Dhafra radar recorded data only every 30 min at 7 elevation angles
through most of the 2003 summer. These EDGE parameters continue to change, although
the various radar operators are more sensitive to requirements of the UAE radar network
and the need for common scanning strategies.
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Two EDGE operational issues deserve some discussion. The ﬁlter parameter operates like
a notch ﬁlter – ﬁltering out those reﬂectivity returns that are at zero velocity. These returns
are assumed to be due to ground clutter, and this type of ﬁltering is a common practice
with weather radar systems. The different settings determine the shape of or how large
the ‘notch’ is about zero velocity. On some upgraded versions of the EDGE software, the
ﬁlter function behaves unexpectedly – ﬁltering out velocity data rather than reﬂectivity
data. Understanding and optimizing this ﬁlter needs further investigation. A second issue
is the function of the ‘scheduler’ – the process which determines the volume scan (interval
time, antenna speed, elevation or azimuth angles, and other parameters). The scheduler
starts the scan at the beginning of every interval time. Prior to positioning the antenna
and starting the physical scan, the process parameters are loaded, a receiver noise sample
is taken and analyzed (if the ‘donoise’ parameter is on), and various other pre-processing
tasks are done. This delays the physical start of the scan by about 25 seconds or more.
At the end of a scan (after the last elevation angle, for example), some post-processing
tasks are performed and products are generated, stored, and communicated (if necessary)
to remote machines. Depending on the number of products and the network speed to
remote machines, this can take one minute or longer. If this process is not completed by
the start of the next interval, then the radar system waits until the following interval start
time. The scheduler procedure can therefore signiﬁcantly limit the scan frequency, which
becomes particularly critical in convective situations.
EDGE PARAMTERS FOR UAE NETWORK
(as of 16 June 2004)
AL DHAFRA
Edge process name: sedeik.prc
PRF and pulsewidth: 626 Hz, 0.8 µsec
Filter and SQI: 10, 50
Number of samples: 28
Flags on: agc, lsr, rnv
Range and gate spacing: 239 km, 500 m
Antenna scan rate: 18 deg/sec
Elevation angles: 11 total. 0.5 1.5 2.5 3.5 4.5 6.0 8.0 11.0 15.0 22.0 32.0
Approximate total volume scan time (mm:ss): 4:30
Scheduler (volume scan repeat time): 10:00
DUBAI
Edge process name: TitanB.prc
PRF and pulsewidth: 622 Hz, 0.8 µsec
Filter and SQI: 4, 40
Number of samples: 32
Flags on: lsr, dsr, rnv (occasionally would turn unfolding on: fold=2)
Range and gate spacing: 240 km, 500 m
Antenna scan rate: 15 deg/sec
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Elevation angles: 11 total. 0.5 1.5 2.5 3.5 4.5 6.0 8.0 11.0 15.0 22.0 32.0
Approximate total volume scan time (mm:ss): 5:30
Scheduler (volume scan repeat time): 10:00
MOBILE
Edge process name: Rain.prc
PRF and pulsewidth: 626 Hz, 0.8 µsec
Filter and SQI: 5, 45
Number of samples: 28
Flags on: agc, lsr, rnv
Range and gate spacing: 240 km, 500 m
Antenna scan rate: 20 deg/sec
Elevation angles: 11 total. 1.0 2.5 4.0 6.0 8.0 10.5 13.5 17.0 21.0 26.0 32.0
Approximate total volume scan time (mm:ss): 4:10
Scheduler (volume scan repeat time): 7:00
[Only operated part days in 2003 due to overheating, usually about 0400 – 1100 UTC]
AL AIN
Edge process name: allseasons240.prc
PRF and pulsewidth: 620 Hz, 0.8 µsec
Filter and SQI: 2, 40
Number of samples: 28
Flags on: agc, lsr, rnv
Range and gate spacing: 240 km, 500 m
Antenna scan rate: 18 deg/sec
Elevation angles: 11 total. 0.5 1.5 2.5 3.5 4.5 6.0 8.0 11.0 15.0 22.0 32.0
Approximate total volume scan time (mm:ss): 4:30
Scheduler (volume scan repeat time): 5:00
MUZAIRA
Edge process name: RainProj.prc
PRF and pulsewidth: 626 Hz, 0.8 µsec
Filter and SQI: 2, 45
Number of samples: 28
Flags on: agc, lsr, rnv
Range and gate spacing: 239 km, 1000 m
Antenna scan rate: 18 deg/sec
Elevation angles: 11 total. 0.5 1.5 2.5 3.5 4.5 5.7 7.2 9.2 12.2 16.2 21.2
Approximate total volume scan time (mm:ss): 4:30
Scheduler (volume scan repeat time): 7:00
DALMA
Edge process name: 24hour.prc
PRF and pulsewidth: 626 Hz, 0.8 µsec
Filter and SQI: 2, 45
Number of samples: 28
Flags on: agc, dsr, rnv
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Range and gate spacing: 239 km, 500 m
Antenna scan rate: 18 deg/sec
Elevation angles: 11 total. 0.5 1.5 2.5 3.5 4.5 5.7 7.2 9.2 12.2 16.2 21.2
Approximate total volume scan time (mm:ss): 4:30
Scheduler (volume scan repeat time): 7:00
Note: All the radars have ZDR set to horizontal – the normal polarization for weather
radars. All the radars are apparently set up to do a receiver noise sample and correction
before every volume scan (line in the .prc ﬁles ‘donoise’). Other ﬂags: rnv=Range
Normalized (should always be on); agc=Automatic Gain Control (normally on but not
necessary); lsr=Log Speckle (usually useful to have on); dsr=Doppler Speckle (okay
to be on, but having it off provides some idea of noise levels and shifts). The IDLE
mode of the radar between volume scans should be set to parameters compatible
with the randomized seeding project’s parameters, or set to a smaller PRF and longer
pulsewidth (to be easier on the magnetron).

Data from the UAE radar network other than Al Ain were not an integral part of the 20032004 randomized seeding project but were used for identifying areas of interest outside
of the operations area – particularly convection in the Liwa region. As evident from the
EDGE setup parameters, the volume scans of the different radars were variable and were
recorded at variable intervals.
4.2.4a

Time Synchonization

Synchronized time between all the radar computers and workstations was identiﬁed as a
requirement early in the planning of the experiment. Correct timing is needed to merge
scan volumes from the different radars and to correlate radar and aircraft measurements.
Data recorded on the EDGE machines are stamped with the beginning volume time (in
local time) according to the EDGE system clock. Normally, the Titan radar ﬁles are also
time stamped according to the EDGE system clock (but in UTC). So, it is critical to
keep the Edge machines time synchronized. However, network connections to the Edge
machines need to pass through the Titan workstations, complicating the synchronization
process. At Al Ain (after 8 August 2003), the data ingest program was changed to
time stamp the Titan radar data according to when beam data are received by the Titan
workstations. This was not changed at the other radars until 9 July 2004. Even though the
EDGE data are not now used by Titan, time synchronization helps sort out any differences
that might need to be investigated between the two systems.
NTP (network time protocol) service is the preferred system for time synchronization
between computers. It has the capability to synchronize using accurate timing information
from the web and propagating it throughout the radar network. However, the NTP setup
is different for each operating system, making it difﬁcult to correctly install across the
many workstations in the UAE radar network. An initial attempt to start NTP service
for the primary machines (‘dwrs’, ‘dwrs-2’, ‘alain-1’, and ‘edge-alain’) on 22 June was
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not successful except for the ‘dwrs’ machine. NTP service was conﬁgured again on
8 August, but did not start up properly for most of the machines. A functioning NTP
service was not established until 26 September, and still was not operational on three of
the machines. Table 4.11 gives an indication of the differences sampled during various
time checks throughout the 2003 summer season. Time was manually corrected on most
of the machines after the 22 June check and then after the other time checks if they were
far out of line. Most of the differences remained relatively minor. However, the drift in
time on ‘alain-1’ is substantial (almost 3 min per month) as is the drift on ‘storm-2’. The
NTP service needs to be checked regularly to ensure that it is working correctly.
Table 4.11. Time checks performed occasionally through the 2003 season on the radar workstations
(‘+’ means computer time is fast, ‘-‘ means computer time is slow).
TITAN WORKSTATIONS

22-Jun

8-Aug

10-Aug

26-Sep

9-Oct

dwrs

+0:07

OK

OK

OK

OK

dwrs-2

+0:03

-0:52

-0:03

-1:05

OK

aldhafra-3

-6:00

-0:58

-0:02

-0:03

OK

dubai-1

-1:52

-0:35

OK

-0:17

OK

alain-1

-1:00

-3:53

-0:05

OK

OK

mobile-1

+0:17

-0:39

-1:33

muzaira-1

-5:08

-0:08

dalma-1

-1:35

+0:01

abudhabi-1
storm-2

15-Aug

-1:58

-7:19
+0:15

+0:27

+1:24

edge-aldhafra

+0:15

+0:16

edge-dubai

-2:36

edge-alain

-4:46

edge-mobile

+1:47

edge-muzaira

-1:16

-0:39

edge-dalma

-11:50

-12:00

OK

OK

-1:14

-1:34

+3:01

+6:37

EDGE WORKSTATIONS

-0:14

-0:06

OK

-0:10

OK

OK

OK

+0:57
-1:42
-0:56

-0:02

2003 workstation legend: ‘dwrs’ – main web server; ‘dwrs-2’ – main ingest, merging, and
data archival workstation; ‘aldhafra-3 (also known as ‘ad3’) – Titan workstation at Al
Dhafra radar; ‘dubai-1’ – Titan workstation at Dubai radar; ‘alain-1’ – Titan workstation
at Al Ain radar; ‘mobile-1’ – Titan workstation at Mobile radar; ‘muzaira-1’ – Titan
workstation at Muzaira radar; ‘dalma-1’ – Titan workstation at the Dalma Island radar;
‘abudhabi-1’ – Titan workstation at the Abu Dhabi International Airport Meteorological
Ofﬁce; ‘storm-2’ – operations computer located in the Operations Center. EDGE
workstation names correspond to the six radar sites.
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Time checks on the various radar workstations were performed sporadically during
2004. Time was not regularly checked and never corrected on the Edge workstations,
because it was thought that the Titan radar ﬁles were being time stamped from the Titan
workstations. This was true only at Al Ain until 9 July 2004 when it was implemented on
the other radars. Therefore, detailed radar analyses will require time corrections, which
should be possible using information from table 4.12.
Table 4.12. Time checks performed occasionally through the 2004 season on the radar workstations
(‘+’ means computer time is fast, ‘-‘means computer time is slow, ‘r’ means time was reset).
TITAN
WORKSTATIONS

31-May

dwrs

OK

dwrs-2

OK

13-Jun

3-Jul

6-Jul

14-Jul

OK

24-Aug

5-Sep

OK

+0:07

1 4 Sep

OK

aldhafra-3

-3:35

-1:28

-2:33

-1:33r

-0:26

-2:25r

-0:37r

-2:16

dubai-1

+0:30

+0:03

-0:41

-0:44r

-0:18

-1:44r

-0:26r

-0:19

alain-1

-2:36

-1:08

-1:07

-1:13r

-0:34r

-0:26

mobile-1
muzaira-1

-0:22

-1:12

dalma-1

-2:13

-2:55

abudhabi-1

-4:00

-4:06r

-0:24

-2:18r

-0:39

+0:24r

-0:29

-3:28r

-2:03r
-4:41

-4:16r

-7:43r

storm-2

-2:30

edge-dubai

-0:15

+9:41

edge-alain

+0:11

+4:00

-0:39r

+0:22r

+0:02

-3:16r
-1:40r

Reset

EDGE
WORKSTATIONS
edge-aldhafra

-0:46

-0:14

+0:54r

edge-mobile
edge-muzaira

-3:10

edge-dalma

-0:51

2004 workstation legend: same as 2003.
4.2.4b

Site visits by Jonathan Lutz – February 2004

NCAR radar engineer Jonathan Lutz visited the UAE 5-16 February 2004 to install an
upgraded NCAR receiver/processor, perform calibration checks on the Al Ain radar, and to
assist in performing checks and troubleshooting at other radar sites. He was accompanied
by Mr. Mohammed Ramazan Khan of DWRS for most of his visits. These represent
Lutz’ notes, some of which are expanded on in reference to more extensive calibration
analysis described later
Feb 12, 2004 Visit to the Al Dhafra radar
Ramazan and I visited the Al Dhafra radar this afternoon. The radar was running correctly
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when we arrived. I obtained GPS position coordinates. They are:
• N 24 deg. 15.26 min
• E 54 deg. 33.03 min
We measured the transmit power and obtained 388 kw. This is very high but possible.
We were unable to ﬁnd an error in our measurements, but the value is suspicious.
Nevertheless this will not affect the calibration too much (less than 1 dB). The spectrum,
pulse width, and PRF all appeared to be correct. It is receommended that Ramazan should
redo the measurement and troubleshoot any problems. It should be noted that we did ﬁnd
a discrepancy between the Al Dhafra power meter and the digital meter from DWRS.
Although we obtained a more reasonable transmit power value using the Al Dhafra power
meter, the DWRS power meter was recently calibrated. The Al Dhafra power meter
appears to need a calibration.
We checked the MDS (minimum detectable signal) and obtained –110 dBm. This is the
expected value. Al Dhafra uses a log receiver, making it easy to do the MDS estimate.
We checked the solar pointing accuracy and the antenna was found to be accurate to better
than 1 degree in both axis.
We injected a test signal and observed the dBZ value on the EDGE display. This was difﬁcult
because the transmitter is in a different building from the display. We communicated by
phone, which seemed to work okay. We found that the dBZ values were 7 dB too low and
we adjusted them accordingly. Clear air and ground clutter looked correct.
The person in charge at the site strongly requested that a better overlay be obtained which
would show landmarks more relevant to air trafﬁc control. This might be obtainable from
EEC on the EDGE or from RAL on the TITAN display.
Feb 14, 2004 Visit to the Dubai radar
Ramazan, Dan Breed, and I left Abu Dhabi for the Dubai radar. We arrived at the airport
at about 11:30 and probably spent an hour with security prior to reaching the radar. Upon
our arrival, looking at the EDGE display, the radar appeared to be running correctly. I
obtained GPS position coordinates. They are:
• N 25 deg. 15.65 min
• E 55 deg. 21.94 min
Located at the radar are a power meter and a good signal generator. The EDGE display is
located at the airport ofﬁces, while at the radar is a RADSYS display and controller.
We measured the transmit frequency using the spectrum analyzer and obtained a center
frequency of 5593 MHz. The listed frequency is 5600 MHz; however the technician
stated that they lower the frequency for proper operation. This probably indicates that
something in the receiver I-Q chain is not set up correctly for the 5600 frequency. A
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frequency shift of 7 MHz doesn’t matter much except for licensing so we did not try to ﬁx
this. The procedure can be quite involved, and the radar appeared to be working correctly
with the current set up. The spectrum looked good with ﬁrst side lobe notches at 5592 and
5594 MHz indicating correct pulse width and shape for a 0.8 µs pulse. We measured the
transmit power and obtained 284 kW peak. This is a nominal value. We remeasured the
power using the power meter located at the site and obtained the same result, indicating
that the site power meter agrees with the recently calibrated digital power meter from
DWRS.
With difﬁculty we were able to do a solar pointing test using RADSYS. The antenna was
pointing to better that 1 degree accuracy in both azimuth and elevation.
We checked the MDS using the analog display of the log video. We obtained –116
dBm, which is quite good. We used the site signal generator to generate the minimal
signal, assuming it was correct at the low power levels. This is meant to be a qualitative
measurement for detecting receiver malfunction. We did not pursue this further since it
appeared that the receiver was working correctly.
Dan remained back in the ofﬁce where the EDGE display was located. While
communicating over the phone, we injected a signal at the radar while Dan read out the
dBZ values at a certain range. We determined that the display was showing +6 dBZ too
high, so we made an adjustment, changing the
Feb 15, 2004 Visit to the Muzaira radar
Ramazan and I left Abu Dhabi for the Muzaira radar at 8:30 am, arriving at the radar at
10:30 am. I obtained GPS position coordinates. They are:
• N 23 deg. 6.29 min
• E 53 deg. 45.28 min
The GPS showed a radar height at the ground of 206 m. The antenna is on a high tower,
perhaps 30 m or more.
When we arrived, the radar was operating normally under the scheduler. It was showing
good clear air velocities and reasonable reﬂectivity ground clutter. Using the GPS, I
veriﬁed that the sign of the wind velocity displayed by the radar was correct.
We started by measuring the transmit frequency using the spectrum analyzer which
showed 5602 MHz. The spectrum looked good with ﬁrst side lobe notches at 5601 and
5603 MHz indicating correct pulse width and shape for a 0.8 µs pulse. We measured the
transmit power and obtained 263 kW peak. PRF was veriﬁed at 612 Hz. We checked
pulse shape and width using a crystal detector and conﬁrmed the 0.8 µs pulse width.
Using our signal generator, we injected a signal at the transmit coupler. The EDGE
display is right next to the transmitter so dBZ calibration checks were very easy. Using
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an injected signal of about –56 dBm, we corrected the dBZ value +2 dB. The correct dBZ
value was computed using the measured frequency and power values, and the antenna
gain and waveguide loss provided by EEC. The EEC values seemed reasonable, with a
3.4 dB waveguide loss for the long waveguide run.
The Mezairaa radar has a digital receiver, so there is no analog “A-scope” display. This
makes measurement of the MDS more difﬁcult and so we did not do it. Judging from the
clear air signals though, it appears that the sensitivity is correct.
We checked the antenna pointing accuracy using the solar position technique. We found
that the antenna was pointing 3 degrees positive. Or in other words, the previous data
should be rotated 3 degrees counter clockwise. Elevation was to within 0.5 degree,
indicating that for this azimuth (180°), the azimuth axis was sufﬁciently vertical. We
adjusted the azimuth pointing accuracy so that it was within 0.5 degree. We then packed
up verifying that the EDGE scheduler was running properly. It should be noted that there
is no test equipment at the site.
4.2.5

Al Ain Radar: 2003-2004

The primary source of radar data for evaluating the randomized seeding experiment is the
Al Ain radar, located at the Al Ain International Airport (see Figure 4.8). Another radar
receiver/processor was installed on it for the 2003-2004 ﬁeld projects, additional data
recording procedures were established, and visits by NCAR engineers were made.

Figure 4.8. The Al
Ain weather radar.

4.2.5a

NCAR radar-signal receiver and processor

In response to a variety of problems or uncertainties in processing and recording radar
data with the EDGE system, and because quantitative radar data are critical to evaluating
the response of clouds in the randomized seeding experiment, an auxiliary radar receiver
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and processor was developed and installed on the Al Ain radar. Due to various delays,
a fully functioning receiver/processor was not installed until the middle of July. The
NCAR receiver/processor is based on an earlier design, called the NCAR sampler, which
was improved and marketed by a small company called Binet. Therefore, the NCAR
receiver/processor at Al Ain is sometimes referred to as the Binet processor in the 2003
documentation. It was replaced by an upgraded version (the NCAR HiQ processor) in
February 2004 for use through the rest of the project.
The NCAR receiver/processor consists of a digital receiver and a PC-based Doppler
processor board. The processor is relatively easy to conﬁgure with parameters that are
understandable (i.e., relevant to radar engineering) and regularly recorded (i.e., with each
radar beam). The NCAR receiver/processor functions only as an auxiliary unit, parallel to
the EEC receiver/processor system. For example, EDGE functions normally, controlling
the radar and outputting processed radar data, without impact from the NCAR receiver/
processor. The NCAR receiver taps into the transmitter signal, the received signal, the
sync pulse or trigger, and the azimuth/elevation angles. The NCAR processor monitors
the transmitter power of the radar and automatically adjusts the reﬂectivity calculation to
account for transmitter ﬂuctuations.
The NCAR receiver/processor was initially tested on the Mobile radar at Al Ain while
access to the Al Ain radar was being negotiated. Details of the installation could therefore
be checked and adjusted on the Mobile radar in preparation for the Al Ain installation.
For example, spurious sync pulses were being received which had to be ﬁltered out.
Also, individual digits of the angles were being output asynchronously, causing spurious
angle data that had to be ﬁltered or corrected. The oscillator in the NCAR receiver was
not matched to either the Mobile radar or the Al Ain radar, which required the use of the
Mobile signal generator as a STALO signal source. A high performance STALO source,
matched to the Al Ain radar, was added as part of the HiQ upgrade. While checking noise
power at the Mobile radar, a faulty TR tube in the radar was discovered (resulting in about
9 dB attenuation versus about 0.1 dB normally). This illustrates the value of regular
manual and automatic calibration checks.
The NCAR processor outputs a large amount of data – over 5 MB per volume scan.
Therefore, a noise ﬁlter was required on the Titan system to create ﬁles of manageable
size. One of the purposes of the NCAR receiver/processor was to eliminate the
possibility of losing beam data, which was thought to be a problem within the radar
processor. After extensive testing, network collisions and particularly workstation CPU
speed and reliability were identiﬁed as being the major problems causing missing data.
New workstations, along with minor improvements in the NCAR processor software,
addressed these problems.
The NCAR processor parameters used at Al Ain during the 2003 summer season were:
Number of Samples – 28; Range gate – 240 m; Number of gates – 850 (204 km range);
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and No clutter ﬁlter. The antenna rate, PRF, and pulsewidth parameters are set by EDGE
and so are the same as reported in Section 4.2.4. Similar parameters were used in 2004
except that clutter ﬁlter was set ON.
4.2.5b

Data Summary

The radar data were recorded in a number of directories, some of which were for test
purposes only. The main data directories are under “$RAP_DATA_DIR/mdv/”: 1)
radarRawAN.apBinet (radar coordinate data) and radarCartAN.apBinet (Cartesian
coordinate data); and 2) radarRawAN.ﬁlt and radarCartAN.ﬁlt. The ‘.apBinet’ ﬁles
are the primary data ﬁles, representing radar data that are ﬁltered for noise and have
gone through the software process that removes AP clutter (ApRemoval). The ‘.ﬁlt’
ﬁles have not gone through ApRemoval, and are considered backup ﬁles. They are not
generally communicated or archived at DWRS but exist for several days on the Al Ain
Titan workstation.
In 2003, EDGE data were simultaneously recorded for comparison since they were
available for the entire season (early June 2003 through the end of September 2003).
These data were recorded under “$RAP_DATA_DIR/mdv/” in radarRawAN (radar
coordinate data after ApRemoval routine) and radarCartAN (Cartesian coordinate data
after ApRemoval routine). Since an early software version of ApRemoval delayed writing
a volume scan until the next scan was started (see discussion on the EDGE ‘scheduler’),
an operations directory (radarCartAN.ops) temporarily recorded EDGE data prior to
ApRemoval for faster data display. The ApRemoval software was updated in September
2003 to write the volume ﬁle immediately after the end of volume. Table 4.13 provides
examples of the data directory structure and the ﬁle sizes for the Al Ain radar for both
the EDGE and NCAR processor data as conﬁgured during the 2003 randomized seeding
project. In 2004, the EDGE processor was not operating with full functionality, so only
NCAR processor data were recorded. The ﬁle structure was similar to that of 2003.

Table 4.13. Data ﬁle structure for the Al Ain radar as conﬁgured for the 2003 season. List is the
verbose output from the ‘ls’ command in Linux. Italics are added comments.

Radar data structure on alain-1 (as of 19 Aug 2003)
/d1/titan5/data ($RAP_DATA_DIR)
drwxr-xr-x 2 titan5 titan5
drwxr-xr-x 5 titan5 titan5
drwxr-xr-x 13 titan5 titan5
drwxr-xr-x 4 titan5 titan5
drwxr-xr-x 6 titan5 titan5
drwxr-xr-x 4 titan5 titan5

4096 Jul 25 18:21 fmq/./
4096 Aug 19 12:25 logs/./
4096 Aug 19 01:04 mdv/./ [main radar data directory]
4096 Jul 25 18:47 raw/./
4096 Jul 22 15:17 spdb/./
4096 Jul 21 21:34 titan/./

67

/d1/titan5/data/mdv
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

15 titan5
15 titan5
15 titan5
4 titan5
21 titan5
9 titan5
15 titan5
2 titan5

titan5
titan5
titan5
titan5
titan5
titan5
titan5
titan5

4096 Aug 19 17:45 radarCartAN/./
4096 Aug 19 17:45 radarCartAN.apBinet/./
4096 Aug 19 17:44 radarCartAN.ﬁlt/./
4096 Aug 19 17:42 radarCartAN.ops/./ [temporary]
4096 Aug 19 17:45 radarRawAN/./
4096 Aug 19 17:45 radarRawAN.apBinet/./
4096 Aug 19 17:44 radarRawAN.ﬁlt/./
4096 Jul 21 17:37 terrain/./

/d1/titan5/data/mdv/radarCartAN
- EEC data after AP clutter removal, Cartesian coordinates. Examples:
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

2 titan5 titan5
2 titan5 titan5
2 titan5 titan5

8192 Aug 19 04:16 20030817/./
8192 Aug 19 17:51 20030818/./
4096 Aug 19 17:50 20030819/./

- typical ﬁlenames and sizes:
-rw-r--r--rw-r--r--rw-r--r--rw-r--r--

1 titan5
1 titan5
1 titan5
1 titan5

titan5
titan5
titan5
titan5

51358 Aug 17 16:32 122824.mdv.gz (with weather)
2587 Aug 18 00:56 205224.mdv.gz (no weather)
43621 Aug 18 15:20 111625.mdv (with weather)
22129 Aug 19 18:08 140425.mdv (no weather)

/d1/titan5/data/mdv/radarCartAN.apBinet
- Binet data after ﬁlter using NCP ﬁeld and after AP clutter removal, Cartesian
coordinates. Examples:
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

2 titan5 titan5
2 titan5 titan5
2 titan5 titan5

-rw-r--r--rw-r--r--

1 titan5 titan5
1 titan5 titan5

- typical ﬁlenames and sizes:

8192 Aug 19 04:23 20030817/./
8192 Aug 19 17:22 20030818/./
4096 Aug 19 17:50 20030819/./

16128 Aug 16 22:48 184528.mdv.gz
29038 Aug 19 17:50 134626.mdv

/d1/titan5/data/mdv/radarCartAN.filt
- Binet data after ﬁlter using NCP ﬁeld, Cartesian coordinates. Examples:
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

2 titan5 titan5
2 titan5 titan5
2 titan5 titan5

-rw-r--r--rw-r--r--

1 titan5 titan5
1 titan5 titan5

- typical ﬁlenames and sizes:

8192 Aug 19 04:11 20030817/./
8192 Aug 19 17:46 20030818/./
4096 Aug 19 17:48 20030819/./

60270 Aug 16 22:24 182127.mdv.gz
56148 Aug 19 18:00 135726.mdv

/d1/titan5/data/mdv/radarRawAN
- EEC data after AP clutter removal, polar coordinates. Examples:
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

2 titan5 titan5
2 titan5 titan5
2 titan5 titan5

-rw-r--r--rw-r--r--

1 titan5 titan5
1 titan5 titan5

- typical ﬁlenames and sizes:
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8192 Aug 19 04:20 20030817/./
8192 Aug 19 17:54 20030818/./
4096 Aug 19 17:51 20030819/./

76551 Aug 16 22:57 185225.mdv.gz
74876 Aug 19 18:03 135825.mdv

/d1/titan5/data/mdv/radarRawAN.apBinet
- Binet data after ﬁlter using NCP ﬁeld and after AP clutter removal, polar
coordinates. Examples:
drwxr-xr-x 2 titan5 titan5
drwxr-xr-x 2 titan5 titan5
drwxr-xr-x 2 titan5 titan5

- typical ﬁlenames and sizes:
-rw-r--r--rw-r--r--

1 titan5 titan5
1 titan5 titan5

8192 Aug 19 04:23 20030817/./
8192 Aug 19 17:22 20030818/./
4096 Aug 19 17:56 20030819/./

261126 Aug 16 22:45 184028.mdv.gz
255462 Aug 19 17:56 135135.mdv

/d1/titan5/data/mdv/radarRawAN.filt
- Binet data after ﬁlter using NCP ﬁeld, polar coordinates. Examples:
drwxr-xr-x
drwxr-xr-x
drwxr-xr-x

2 titan5 titan5
2 titan5 titan5
2 titan5 titan5

-rw-r--r--rw-r--r--

1 titan5 titan5
1 titan5 titan5

- typical ﬁlenames and sizes:

8192 Aug 19 04:14 20030817/./
8192 Aug 19 17:49 20030818/./
4096 Aug 19 17:54 20030819/./

385057 Aug 16 22:54 185126.mdv.gz
350836 Aug 19 18:00 135726.mdv

Two data streams were recorded during the 2003 season – one from the EDGE
system and one from the NCAR processor. The EDGE data were received at DWRS
beginning in early June with volume scans every 10 minutes. On 7 July 2003, the
grid origin changed slightly and the volume scan interval was changed to 6 minutes,
but communication and CPU limitations often caused missing volumes. The NCAR
processor began regularly writing volumes on 26 July 2003 but suffered from the same
limitations (e.g., EDGE scheduler delaying the volume scans), which also resulted in
missing volumes.
Table 4.14 lists the time periods from 15 June through 30 September 2003 when Al Ain
EDGE data had signiﬁcant gaps. Often, only a few ﬁles would be missing during a time
period or even over a whole day. These minor gaps are not consistently listed in Table
4.14. Table 4.15 is a similar table for the NCAR processor data, but includes only those
days when randomized seeding cases were ﬂown. These tables emphasize the point that
much data were lost due to Titan workstation (CPU) limitations and/or EDGE scheduler
delays.
Table 4.14. Date and time periods with signiﬁcant gaps in the Al Ain EDGE radar data during the
2003 project.

DATE
20030615
20030616
20030617

MISSING DATA AND VOLUME INTERVAL CHANGES
volumes begin every 10 min
missing ﬁles between 040220 and 240000
missing ﬁles between 000000 and 100307
volumes every 20 min
missing ﬁles between 083700 and 130200
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20030618

20030619
20030620
20030621
20030622
20030623
20030625
20030626
20030627
20030628
20030629
20030702
20030704

20030706
20030707
20030709

20030710
20030711
20030717
20030718
20030719
20030720
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volumes back to every 10 min
missing ﬁles between 053219 and 061224
missing ﬁles between 063223 and 071219
missing ﬁles between 082221 and 090219
missing ﬁles between 132218 and 135258
missing ﬁles between 173217 and 240000
missing ﬁles between 000000 and 043222
missing ﬁles between 071222 and 081430
missing ﬁles between 113224 and 115220
missing ﬁles between 124216 and 130624
missing ﬁles between 133226 and 141159
missing ﬁles between 184158 and 190203
missing ﬁles between 215200 and 221159
missing ﬁles between 064200 and 070252
missing ﬁles between 234159 and 240000
missing all ﬁles except 054217
missing ﬁles between 000000 and 041612
missing ﬁles between 040158 and 044503
missing ﬁles between 113156 and 132200
missing ﬁles between 010159 and 012202
missing ﬁles between 064159 and 070158
missing ﬁles between 084159 and 090203
missing ﬁles between 212157 and 214445
missing ﬁles between 164201 and 171203
missing ﬁles between 200705 and 202202
beginning of volumes every 6 min
missing ﬁles between 040908 and 042021
missing ﬁles between 115027 and 131424
missing ﬁles between 142805 and 240000
missing ﬁles between 000000 and 002624
missing ﬁles between 050822 and 240000
missing ﬁles between 000000 and 110223
missing ﬁles between 160823 and 162624
missing ﬁles between 145024 and 151013
missing ﬁles between 165024 and 240000
missing ﬁles between 000000 and 055658
12 min volumes from 120822 to 240000
12 min volumes from 000000 to 023224
missing ﬁles between 170909 and 172023
12 min volumes from 105624 to 143223

20030721

20030722

20030724
20030725
20030728

20030729
20030730

20030731

20030801
20030802
20030804
20030805

12 min volumes from 041425 to 073823
missing ﬁles between 073823 and 112622
12 min volumes from 112622 to 132323
7 min volumes from 132323 to 143324
missing ﬁles between 143324 and 240000
missing ﬁles between 000000 and 053731
7 min volumes from 053731 to 074225
missing ﬁles between 074225 and 115423
missing ﬁles between 161423 and 163222
missing ﬁles between 163824 and 174422
missing ﬁles between 141425 and 144441
missing ﬁles between 122623 and 142624
missing ﬁles between 143823 and 150228
12 min volumes from 150228 to 205623
12 min volumes from 122026 to 240000
12 min volumes from 000000 to 092022
6 min volumes from 092022 to 113223
12 min volumes from 113223 to 125623
6 min volumes from 125623 to 195624
missing ﬁles between 195624 and 240000
missing ﬁles between 000000 and 052644
12 min volumes from 052644 to 075622
6 min volumes from 075622 to 094424
missing ﬁles between 094424 and 110223
missing ﬁles between 105623 and 120222
12 min volumes from 152025 to 164423
several scattered 12 min volumes
mostly 12 min vols from 120225 to 132022
mostly 12 min vols from 152623 to 174423
12 min volumes from 070224 to 085022
missing ﬁles between 105029 and 110222
missing ﬁles between 115023 and 121423

20030807

20030808
20030810

20030811

missing ﬁles between 101424 and
missing ﬁles between 115026 and
12 min volumes from 120223 to
12 min volumes from 125625 to
missing ﬁles between 083821 and
missing ﬁles between 093222 and
missing ﬁles between 134026 and
missing ﬁles entire day

113822
120223
142622
134424
092021
102223
240000
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20030812
20030816
20030818
20030819
20030820
20030822
20030824
20030825
20030826
20030827
20030829
20030830
20030901
20030910
20030911
20030912
20030913
20030914
20030915
20030916
20030917
20030918
20030919
20030920
20030921
20030922
20030923
20030924
20030925
20030926

72

missing ﬁles between 000000 and 135824
missing ﬁles between 070423 and 103425
missing ﬁles between 064625 and 082832
mostly 12 min vols from 191627 to 232226
missing ﬁles between 080427 and 082226
mostly 12 min vols from 175828 to 222824
a few scattered 12 min volumes
missing ﬁles between 050424 and 073228
a few scattered 12 min volumes
12 min volumes from 185024 to 235626
12 min volumes from 000830 to 011425
a few scattered 12 min volumes
mostly 12 min vols from 195029 to 222026
a few scattered 12 min volumes
44 missing vols scattered from 0020 to 1438
a few scattered 12 min volumes
missing ﬁles between 022026 and 050225
15 missing vols scattered from 1544 to 2108
12 missing vols scattered from 1902 to 2314
5 missing vols scattered from 1744 to 2014
14 missing vols scattered from 2008 to 2350
mostly 12 min vols from 000228 to 044424
mostly 12 min vols from 210828 to 235624
mostly 12 min vols from 000226 to 015625
mostly 12 min vols from 205626 to 235624
mostly 12 min vols from 110826 to 131424
mostly 12 min vols from 163225 to 235024
mostly 12 min vols from 000828 to 042625
mostly 12 min vols from 194426 to 235626
mostly 12 min vols from 000827 to 045625
mostly 12 min vols from 145625 to 175022
a few scattered 12 min volumes to 210826
mostly 12 min vols from 210826 to 235624
mostly 12 min vols from 000225 to 013225
mostly 12 min vols from 162624 to 235025
mostly 12 min vols from 000225 to 030226
mostly 12 min vols from 144425 to 235026
12 min volumes from 200225 to 215025
12 min volumes from 145024 to 162623
12 min volumes from 192027 to 213225

20030927
20030928
20030929
20030930

12 min volumes from 172025 to 232026
a few scattered 12 min volumes to 171425
12 min volumes from 171425 to 235625
12 min volumes from 000825 to 044426
mostly 12 min vols from 150224 to 235025
several scattered 12 min volumes to 152624
mostly 12 min vols from 152624 to 223224
missing data after 223224

Table 4.15. Date and time periods with signiﬁcant gaps in the Binet (NCAR processor) radar data
on days with randomized seeding cases during the 2003 project.

DATE
20030801
20030804

20030807
20030808
20030817
20030818

20030822

20030823
20030827
20030828

20030830
20030906

MISSING DATA AND VOLUME INTERVAL CHANGES
volumes about every 6 min
5 missing volumes between 105542 and 123534
several missing ﬁles scattered throughout
missing ﬁles between 122902 and 132053
missing ﬁles between 152600 and 175654
a few scattered missing volumes
missing ﬁles between 101421 and 144514
a few scattered missing volumes
missing ﬁles between 130022 and 135511
a few scattered missing volumes
no ﬁles after 144025
no ﬁles until 063929
missing ﬁles between 064533 and 082832
~11 min volumes between 122126 and 130326
then a few scattered missing volumes
~11 min volumes between 081526 and 094025
~11 min volumes between 102725 and 115427
then several scattered missing volumes
33 missing volumes scattered throughout
~11 min volumes between 000830 and 011327
32 missing volumes scattered throughout
several scattered missing volumes
9-12 min volumes between 090103 and 122826
missing ﬁles between 122826 and 130136
several scattered missing volumes
30 missing volumes scattered throughout
no ﬁles until 131436
then a few scattered missing volumes
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20030907
20030908
20030918

no ﬁles after 121326
no ﬁles until 144507
no ﬁles until 075203
several missing volumes scattered throughout
50 missing volumes scattered throughout
mostly 9-12 min vols throughout
missing ﬁles between 090725 and 161442

20030919
20030920

Tables 4.14 and 4.15 show the extent of the problems causing missing radar volumes.
Many of the days with randomized seeding cases had degraded data (volume intervals
greater than 6 min) for both data sets. The relatively short lifetimes of the storms demand
6 minute volumes or better for accurate assessment of the experiment.
In 2004, the EDGE scheduler was setup to perform with minimal delays. Therefore,
the 2004 data has very few signiﬁcant gaps and volume scans were regularly recorded
in 5 min intervals. No table is necessary to list missing data as in 2003. However, for
unknown reasons, a test pulse was generated irregularly that affected the radar volume
data, causing spurious reﬂectivities and incomplete volume scans. These test pulse
volumes needed to be edited from the data set in order for coherent Titan tracks to be
generated. Occasionally, a partial test pulse leaked into a volume, affecting precipitation
estimates slightly. (These can be seen in some of the analysis presented later.) Table 4.16
lists the volumes with test pulses that were eliminated from the data set.

Table 4.16. Al Ain Radar Volumes with Test Pulse Contamination.

Date

Volume time

20040625

022158
040657
054701
070702
094201
154730
180243
194614 to
000059
071245
150746
172246
232119 to
000604

20040701

20040702
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20040704

20040706

164614
193758
202258
043308
081423

20040707
20040708

20040710
20040711

20040712
20040713

20040714

20040715
20040716
20040717
20040718

20040719
20040721
20040722

20040723

20040724

085423
205422
230924
042931
043929
045433
060935
104435
142434
142937
060445
120452
163312
213459
051958
085009
140506
225009
044511
065011
195517
091018
121843
131843
124530
011038
141039
201540
024544
172547
190601
152605
213105
223106
051105
053611
172111
192612
034113
174617

20040725

20040726
20040727

20040728

20040729

20040730
20040731

20040801

20040802

20040803

20040804

20040805

223118
045122
045620
050122
201623
084125
152130
040632
054133
063633
184635
232638
014639
055640
124144
023643
104149
224154
213157
014200
083158
110702
194159
224700
081206
084205
193705
023708
180713
221218
010716
031715
145719
223222
041220
041724
144724
203725
022228
75

20040806

20040807

035230
050045
065228
092548
142732
001732
021228
123240
181249

20040820

20040821

193748
20040808

20040809
20040810

20040811
20040812
20040813

20040814

20040816

20040817
20040818

20040819
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014249
104305
125753
221759
015301
044125
072305
140809
002814
011320
012819
032319
121822
165324
095829
172827
181831
192831
215335
083339
104339
173344
235342
075846
000351
103855
141353
145356
035359

20040822

20040823

20040824
20040825

20040826
20040827
20040828
20040829
20040830

20040831
20040901
20040902
20040904
20040905

081900
091400
153901
211401
150407
214409
225409
062410
114414
142915
175415
015916
115422
124416
190930
191929
220917
001429
083507
085659
123158
214159
075203
191707
105212
062714
072222
044230
062226
235731
130238
202238
204739
050241
095241
102750
060615
061123
070808
201840

20040906

20040907
20040908
20040909

20040910

20040911

20040912

20040913

20040914
20040915

20040916

140847
153347
171849
173850
Gap: 014708
to 105426
141119
154117
051108
061118
141625
153125
211127
025628
035128
045626
110629
171630
183135
211130
051135
120628
125133
125638
061641
171648
181642
230144
231144
023645
033644
060646
195650
Gap: 072518
to 082508
102656
Gap: 040322
to 080517
124201
155201
023203
032203

20040917
20040918
20040919

20040920

013710
032712
084714
200722
224222
065226
095723
113227
185728
012732
133730
135230
141731
174234
174735
232235

20040921

053236
061352
061356
061738
064044
213742

20040922

082743

20040923

032750
123245
223253

20040924

082257
210300

20040926

125807
130809
155808
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4.2.5c

Calibration Issues with the Al Ain Radar

Reﬂectivity differences - 2003
The NCAR processor was installed on the Al Ain radar during the period 7-10 July
2003. A rough calibration of the receiver was performed during this period based on
measurements of transmit power (during normal radar operations) and received power
from a known signal source (i.e., a test pulse). However, conﬁdence in this calibration
procedure was not high due to the fact that several other adjustments were being made in
conjunction with the installation. By the end of July, it was apparent that the reﬂectivity
values from the NCAR processor differed substantially from those received from the
EDGE. Spot checks of storms on three different days (30 July, 1 August, and 4 August)
showed that reﬂectivities from the NCAR processor were roughly 10-11 dB higher than
from the EDGE.
On 10 August, another calibration check of the NCAR processor was performed at the
Al Ain radar. The transmitter power as measured by the NCAR processor was about 4
dB too low, and tightening a loose connection corrected this discrepancy. The received
power test showed that the processor parameter needed an adjustment of only about 1
dB, which more or less veriﬁed the previous calibration. The antenna gain was also
adjusted by 1 dB to match the speciﬁcations from the EEC manual. The overall effect
was to decrease the reﬂectivity from the NCAR processor about 4 dB. A spot check with
a storm that formed on 10 August (after the calibration adjustments) showed a reﬂectivity
difference between the NCAR processor and the EDGE of about 7 dB, consistent with the
adjustments and the previous offset. Several spot checks with storms on nine other days
conﬁrm that the difference averaged about 7 dB (ranging from 5 to 10 dB). However, a
more systematic analysis of reﬂectivity differences between storms on 17, 22, 23, and 27
August showed larger differences, from 8-11 dB. These are all signiﬁcant differences, as
Figure 4.9 shows. Such differences affect the intensity of the storm and the storm area,
both of which affect precipitation estimates.
The difference between the EDGE-derived and the NCAR processor-derived reﬂectivities
were veriﬁed during a site visit (February 2004) using a calibration technique that takes
advantage of the sun as a microwave signal source. Based on the calibration, the NCAR
processor provides reﬂectivity values accurate to 1-2 dB. By comparison, the EDGE
reﬂectivities are 5-7 dB lower than the NCAR processor reﬂectivities. This difference in
reﬂectivity translates into rainfall rates that are 2-2.5 times too low.
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Figure 4.9. Reﬂectivity from the EDGE (left) and the NCAR processor (right) for a small storm on
22 August 2003 at 13:33 UTC. The storm is about 50 km NNW of Al Ain and is displayed on a 35
km x 35 km CAPPI at 1.5 km MSL. The difference in maximum reﬂectivities is about 10 dB.

Based on the storm comparisons, an initial correction of +10 dB was made to the EDGE
reﬂectivities and the seeding cases were re-run through Titan. However, comparing the
distribution of maximum reﬂectivities between the 2003 and 2004 cases suggested that the
“corrected” reﬂectivities in 2003 were about 10 dB too high: 1) the cases for 2003 were
shifted about 10dB from the distribution for 2004 cases; and 2) the maximum reﬂectivity
values peaked slightly over 60 dBZ which is highly unlikely for C-band radars to detect
(compared to the more reasonable peak value of 50 dBZ for 2004 cases). This result
cast doubt on the correction procedures, and for the analysis here, the original EDGE
reﬂectivity values are used. Further analysis is needed, possibly using comparisons with
point targets and other storms, to establish an adjustment factor for the EDGE data in our
ﬁnal evaluation of the randomized seeding experiment.
Reﬂectivity shift – 2004
During the installation of the NCAR processor in 2003, it was discovered that the BITE
function on the EEC radars caused a power decrease to the processor. The BITE function
allows automated tests to be done through the EDGE system, but it is not used during
normal radar operations. Simply keeping the BITE switch off kept the power decrease
from occurring.
Early in the summer 2004 season, it was noticed that the storms seemed to be lower
in intensity than the previous years and were also somewhat lower in reﬂectivity in
comparison to other radars (when viewing the same storms). After other considerations
and investigations, a visit to the Al Ain radar on 10 July 2004 revealed that the Al Ain
radar BITE switch had been on. It was switched off and the reﬂectivities shifted to more
reasonable values. Radar data without the clutter removed were available on 10 July both
immediately before and after the switched was turned off. Using several stable ground
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clutter returns, a difference in reﬂectivity of +7 dB was determined and data prior to 10
July was adjusted by +7 dB. This affected 5 days (10 cases) when seeding experiments
were performed. However, the adjustment for the shift in reﬂectivity appears to be well
determined and should not adversely affect the analysis.
Radial velocity error
In comparing the EDGE radial (Doppler) velocities with those from the NCAR
processor, it became obvious that they were opposite in sign. Since a sign difference
is easily accommodated in the NCAR processor parameters, an exhaustive examination
was performed to be sure that this parameter was set correctly. As a result of several
comparisons, it became clear that the EDGE velocity is of the wrong sign. One comparison
is shown in Figure 4.10, where radial velocities from the storm in Figure 4.9 are displayed
from the EDGE at Al Ain, the NCAR processor, and the EDGE at Dubai. The storm
is almost directly between Al Ain and Dubai, so the radial velocities between the two
radars should be exactly opposite. Dubai and the NCAR processor velocities are indeed
opposite in sign while the Al Ain EDGE is the same as Dubai’s. Furthermore, the storm
is moving south which is consistent with the Dubai and NCAR processor velocities (blues
and greens are velocities toward the radar, yellows and oranges are away).
Azimuth angle error
Cursory inspections of various storms during the 2003 season showed some slight
differences in their positions as displayed by the Al Ain, Al Dhafra, and Dubai radars.
For example, on 22 August (see Figure 4.10), the difference between Dubai and Al Ain
is consistent with a 2.5° counterclockwise offset in the Al Ain radar azimuth angle. For
a storm on 24 August, the difference is closer to a 5° counterclockwise offset. Since
timing differences and storm motions complicated the comparisons and it was not
clear which radar may be correct, no corrections were made during the 2003 season.
However, solar pointing angle calibrations of Dubai and Al Ain suggest that the azimuth
angle of the Al Ain radar is offset about 4°. Other point target comparisons suggested
about a 3° counterclockwise offset, which was eventually used to correct the 2003 data
(and implemented in the data ingest algorithm for 2004 data). Regardless, this erro and
correction does not affect the analysis of the randomized seeding experiment.

80

Figure 4.10. Radial velocity from the Al Ain
EDGE (upper left), NCAR processor (upper
right) and the Dubai EDGE (lower left). Images
are 35 km x 35 km CAPPIs at 1.5 km MSL on
22 August (see Fig.4.9). The Al Ain radar is
about 50 km SSE of the storm and the Dubai
radar is about 70 km NNW of the storm. Blue
and green colors indicate velocities toward
the radar; yellow and orange colors indicate
velocities away from the radar. The storm is
moving south, consistent with the velocities
from Dubai and the NCAR processor.

Site visi to Al Ain Radar – February 2004
These are the notes from Jonathan Lutz’ visit to the Al Ain radar on 10-11 February 2004.
Some of the ﬁndings were prompted by observations made during 2003, and three issues,
reﬂectivity differences, radial velocity error, and azimuth angle error, have already been
discussed in further detail.
Dan Breed, Mohammed Ramazan, and I traveled from Abu Dhabi to the Al Ain airport
radar. The purpose of this visit was to upgrade the NCAR processor with an “advanced
prototype” and to check out the EEC radar and Titan display. Also attending were technical
representatives from Al Ain.
The NCAR processor has not been operational since October 2003. This was because
the signal generator used as the STALO source had been removed for calibration. This
renders the receiver inactive. Upon arrival we found that the digital processor was still
running. This implies that if the STALO were left in place, the NCAR processor would
have continued running without intervention.
81

The signal generator was reinstalled and some checks were made. After adjusting the
signal to the correct frequency and power, it was found that the transmit power readout
was 84 dBm, noise power –110 dBm and G0 power –7 dBm. All these values were as
expected, indicating that the calibration performed late last summer (August 2003) had
not changed and was originally done correctly.
We installed the new NCAR processor. The main changes are that a signal generator is
no longer required for operation and the receiver and power supply are now internal to
the computer chassis. Also included is a median ﬁlter for elimination of spurious antenna
angles and a solar intensity acquisition algorithm. Installation required rerouting cables
and could not be fully completed for need of keyboard, mouse and terminal extension
cables. Functional testing could be accomplished and the system was tested. Gain
adjustments were necessary for correct dynamic range scaling. Data transfer to the Titan
system was functional although there were noticeable dropouts. We left for the day and
drove back to Abu Dhabi. That evening we purchased the necessary extension cables,
which were found at “Premier Computer”.
The following day we returned to Al Ain. The extension cords allowed a more permanent
set up. Transmitter power was veriﬁed at 248 kW. The receiver gain was set using the
signal generator. The noise power correction was set up by checking for linearity (in dB)
at low power levels.
Last summer (July 2003), we found coherent interference generated in the EEC system.
The source of this was from the “BITE” which is injected in front of the LNA. The solution
at that time was to disconnect the “BITE”. Later we changed the STALO frequency from
5488 MHz to 5755 MHz to provide isolation from this noise. This worked. It is important
to note however that the “BITE” must be turned off at the front panel, otherwise the gain
of the receiver is changed substantially.
The source of the data dropouts was investigated. There were both short and long dropouts.
The short dropouts were the result of under sampling of the radar beams. The antenna
speed was quite variable due to mistuning of the antenna servo system. This results in
a variation in the angular separation of each beam. Sometimes the separation would be
too large resulting in a missing beam on the Titan display. This was ﬁxed by slowing the
antenna slightly. The large dropouts were the result of overloading the Titan CPU. This
was ﬁxed by reducing processes. A permanent ﬁx will be the upgrading of the Titan CPU.
There was no evidence of bad angles from the NCAR processor except when the elevation
went below 0 deg, which produced an elevation angle readout of 200 degrees. This is a
problem with the BCD conversion of the angles and was judged to be not serious. We
did a solar pointing test and found that the azimuth was about 4 degrees in error. However,
this was conﬂicting with ground target measurements, which appeared to be better than
that. There was some question about the sun position algorithm. We did not adjust the
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pointing angle. We then measured the incident solar energy using an algorithm which
detects the peak average of all the range gates. Knowing the approximate trajectory of the
sun, we set up a sector scan using the EDGE system. We then sampled the sun’s energy
as the sun passed through the sector. The trapped maximum value represents the point
when the antenna is pointing directly at the sun. This value is entered into a spreadsheet,
which includes the power of the sun for that day (available on the Internet). A gain value
is obtained measuring the antenna gain and waveguide loss. This is entered into the radar
equation for the dBZ calculation. We obtained values within the expected range. These
values were stable to a fraction of a dB over several solar measurements. The success
of this technique was a major breakthrough in the effort to accurately calibrate the dBZ
values of EEC radar. Overall accuracies within a 1-2 dB range are now possible.
The NCAR processor is required for this technique. Attempts using EEC systems alone
were unsuccessful due to difﬁculties in obtaining the power values. EEC estimates for
waveguide loss are not consistent. A close approximation would be 1dB + (waveguide
length)/.017. EEC claims to have made actual measurements but they do not agree well
with tower heights. The best method is to use the solar technique.
It should be noted that the sign of the velocities given by the EDGE are reversed.
4.2.6
4.2.6a

Radar Data Quality Enhancements
Introduction

“Radar Data Quality Enhancements” is an effort to improve the quality of the radar base
data ﬁelds for the EEC C-band radars of the UAE. Using existing software developed
for use on the USA Weather Surveillance Radar-Doppler 1988 (WSR-88D) radars,
modiﬁcations and improvements were made to optimize the software for use on the UAE
radars. This software, called the radar echo classiﬁer (REC) was developed with funding
from the USA Radar Operations Center (ROC). During September 2002, the REC was
installed within the WSR-88D system in the Open Radar Product Generator (ORPG Safﬂe 1997; Reed and Cate 2001) as part of the Anomalous Propagation (AP) Clutter
Mitigation Scheme (Keeler et al. 1999; Kessinger et al. 2001 and 2002; Ellis et al. 2003).
Currently, the operational version of the REC on the WSR-88D detects only AP ground
clutter; however, the prototype software in use at NCAR can detect additional echo types.
Through approval by the ROC, with limitations that the REC only be used for civilian
purposes, it has been possible to install the REC on the UAE radars. The REC deployment
on the UAE radars was accomplished during October 2002 using preliminary values for
tuning the algorithm.
The purpose of the Radar Data Quality Enhancements work is to improve the radarderived rainfall estimates by enhancing the quality of the EEC radar base data through
the identiﬁcation and removal of certain contaminants, speciﬁcally ground clutter
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caused by anomalous propagation (AP) and normal propagation (NP) conditions as well
as contamination from sea surface return (also called “sea clutter”). Removal of these
contaminants is needed because they cause erroneous radar-derived rainfall estimates as
well as errors in interpretation.
Ground clutter contamination within radar data has two sources: NP ground clutter
from stationary targets such as buildings, trees, or terrain, and AP ground clutter that
arises from particular atmospheric conditions within the planetary boundary layer (i.e.,
temperature inversions and strong humidity gradients) that duct the radar beam to the
ground. Because NP targets are stationary and “unchanging,” they are relatively easy to
remove with the use of clutter background maps. However, AP clutter can evolve and
dissipate as atmospheric conditions change. Automatic detection and removal of the AP
ground echoes is needed since a background map generally cannot include AP clutter
locations. In the UAE, conditions conducive to anomalous propagation are most severe
during the summer months.
Radar base data contamination from the sea surface occurs when the radar beam grazes
the sea surface or when strong return is captured through the radar sidelobes. The amount
of sea clutter detected by radar is dependent upon the sea state. The sea state is inﬂuenced
by various factors that include the wave height, the wind speed, the wind direction
relative to the direction of the radar beam, the fetch over which the wind has been acting,
the direction of the waves relative to the direction of the radar beam, whether the tide
is incoming or outgoing, and the presence of swells or waves, among others (Skolnik,
1980). Radar system characteristics can also have some effect on the amount of sea
clutter detected. Further, when AP conditions occur, the distance over which sea clutter is
detected can be elongated considerably.
The REC (Kessinger et al. 2003) is a data fusion system that uses “fuzzy-logic” techniques
(Kosko, 1992) to classify the type of scatterer measured by Doppler radar systems. Using
the three moments of radar base data (reﬂectivity, radial velocity and spectrum width)
as input, various detection algorithms are formulated to make a classiﬁcation. Two REC
algorithms have been installed and tested on the UAE EEC radars: the AP detection
algorithm (APDA) that detects regions of AP ground clutter return and the sea clutter
detection algorithm (SCDA) that detects regions of sea clutter return.
4.2.6b

Methodology

To develop the algorithms for the REC, several steps are required to prepare the data. The
ﬁrst step is to “truth” the data such that the characteristics of each scatterer type can be
examined to ﬁnd those that discriminate one scatterer from another. The characteristics of
each scatterer are examined through the “feature ﬁelds”. The feature ﬁelds are quantities
(e.g., mean, median, standard deviation) that are derived from the radar base data ﬁelds of
reﬂectivity, radial velocity and spectrum width. Next, histograms of the feature ﬁelds are
made to examine the distribution of values between scatterer types. Finding those features
84

that discriminate one scatterer type from another is a key task. Once the feature ﬁelds
are selected for each scatterer type, “membership functions” are devised, based upon the
distribution of values. Membership functions are described below.
4.2.6c

Radar Data Sets

The UAE data sets archived at NCAR were used to develop and optimize the REC
algorithms. Data from the Al Dhafra and Dubai radars were used primarily because the
data from the mobile radar at Al Ain had serious data quality problems where the radial
velocity ﬁeld was frequently missing or incorrect. The REC algorithm performance is
dependent on the quality of the input radar moment data. Data sets in the EDGE format
were also used for ﬁnal testing of the algorithm and its system performance.
4.2.6d

Truth Fields

“Truthing” is an important activity. Comparison with truth as deﬁned by expert humans is
crucial in optimizing the performance of the fuzzy logic algorithm. The expert deﬁnes the
truth ﬁeld by examining the various radar ﬁelds and their derived products. For example,
AP clutter is typically characterized by a near-zero radial velocity, low spectrum width,
high texture of the reﬂectivity ﬁeld, as well as other characteristics. Further, the expert
can examine the data at higher elevation angles to determine if the radar echo in question
has vertical continuity. A lack of vertical continuity does not guarantee that the echo is AP
ground clutter, but gives more information into the decision-making process. Once the
data have been truthed, histograms can be constructed to show the distribution of values
within each echo type.
4.2.6e

Histograms of Data Characteristics

To determine the characteristics of the various echo types, histogram plots are made for
the feature ﬁelds using the truth ﬁeld to distinguish between the types of radar echoes.
Figure 4.11 shows examples of histograms of two variables currently used in the REC as
derived from data taken by the Dodge City, KS (KDDC) WSR-88D radar. Fields shown
include the texture of the reﬂectivity (TDBZ) and the mean radial velocity (MVE). These
ﬁgures show that ground clutter is characterized by high values of TDBZ and by near-zero
values of MVE while precipitation plus clear air return is characterized by low values of
TDBZ and with a broad distribution of MVE.
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Figure 4.11. Histogram plots showing the number of range gates containing each feature ﬁeld
(expressed in hundredths of percentage points of the total number of gates) within ground clutter
(left column) and within precipitation plus clear air return from insects (right column) as determined
by the truth ﬁeld. Fields shown are a) texture of the reﬂectivity (TDBZ; dBZ2) within clutter, b)
the TDBZ within precipitation and clear air return, c) the mean velocity ﬁeld (MVE; m s-1) within
clutter, and d) the MVE within precipitation and clear air return. Data were taken from one scan of
the Dodge City, KS, WSR-88D at 0.5 degree elevation.

After construction of the histograms, the best discriminators for the echo type of interest
are determined. This process is used to deﬁne the features used in the REC algorithms.
The histograms also aid in deﬁning the membership functions of the feature ﬁelds used
in the algorithm.
4.2.6f

Radar Echo Classiﬁer

A schematic of the REC is shown in Figure 4.12. The base data ﬁelds of reﬂectivity (DBZ),
radial velocity (VE), and spectrum width (SW) are input into the “feature generator” for
calculation of derived ﬁelds that are called “features”. Each of the REC algorithms uses
a different combination of feature ﬁelds as input. A “membership function” is applied
to the values of the feature ﬁelds to scale them to match the characteristics of the echo
type under consideration. Membership functions are stepwise linear functions that scale
the feature ﬁelds to have values between zero and unity. Output ﬁelds from this process
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are termed “interest ﬁelds”. When an interest ﬁeld has a value of 1.0, high likelihood
exists that the echo type matches the desired characteristics; likewise, an interest value of
0.0 indicates no likelihood that the echo type matches the desired characteristics. Once
the interest ﬁelds are calculated for all the algorithm feature ﬁelds, a weighted mean of
all interest outputs is computed. The ﬁnal step is to apply the appropriate threshold to
identify regions that belong in a particular class. A threshold of 0.5 is generally used to
separate the interest ﬁeld into a binary ﬁeld such that values >0.5 represent the echo type
under consideration.
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Figure 4.12. General schematic of the algorithms within the radar echo classiﬁer. The steps of the
process include: investigating the base data for reﬂectivity (Z), radial velocity (V), and spectrum
width (W), generation of features that are derived from the base data ﬁelds, use of a fuzzy logic
engine to determine the initial interest output, application of the appropriate threshold (T), and the
ﬁnal output product for the type of radar echo being considered

4.2.6g

Feature Field Generation

In the REC, the features are calculated as a ﬁrst step for both the APDA and the SCDA.
For those feature ﬁelds computed within the plane of the elevation angle, a small, local
region is speciﬁed over which the calculation is done. Two regions are user-speciﬁed:
one region is used for the Doppler feature ﬁelds and another is used for the reﬂectivity
feature ﬁelds. Feature ﬁelds computed as differences using two elevation angles are not
computed over a local area but are computed on a gate-to-gate basis.
The “texture” feature is the mean squared difference of the reﬂectivity and is calculated as
shown in Eq. 4.1. The texture of the reﬂectivity (TDBZ) is calculated over the reﬂectivity
local area.
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(4.1)
TDBZ (∑j-1

Nbeams

(∑i-2

Nbeams

(DBZij- – DBZi-1j )2 ))/N

where N is the number of gates, i is the gate number along the beam and j is the beam
number.
Another reﬂectivity feature ﬁeld is called “SPINchange” or just “SPIN”. The SPINchange
variable is taken from Steiner and Smith (2002) and indicates the number of inﬂection
points within the gate-to-gate reﬂectivity difference ﬁeld, expressed as a percentage
of all possible differences, that exceed the minimum difference (DBZthresh) allowed.
However, SPINchange_counts is not incremented unless there has been a change in the
sign of the reﬂectivity gradient (i.e., an inﬂection point exists). For example, if reﬂectivity
is increasing along the beam and then decreases, SPINchange_counts is only incremented
at the gate where the decrease begins. Two values of DBZthresh are used in the REC; one
for the APDA (DBZthresh =11.0) and one for the SCDA (DBZthresh=2.0).
Doppler feature ﬁelds calculated within the plane of the elevation angle include the median
radial velocity (MVE), the median spectrum width (MSW), the standard deviation of the
radial velocity (SDVE) and the standard deviation of the spectrum width (SDSW). All are
calculated over the local area for the Doppler feature ﬁelds.
As described above, the vertical difference of the reﬂectivity (GDZ) ﬁeld is computed as
a gate-to-gate difference of the reﬂectivity values between the upper elevation angle and
the lower elevation angle as shown in Eq. 4.2.
(4.2)
GDZ = DBZ upper – DBZ lower
angle

angle

The GDZ variable is used three ways. First, it is used as speciﬁed in Eq. 4.2. Second, to
allow for the presence of stratiform precipitation, a range weighting function (RangeWgt)
is multiplied by GDZ (Eq. 4.3). The range weighting function is shown in Figure 4.13.
(4.3)
RGDZi = DDZi × Range Wgti
where i is the range gate number. Stratiform precipitation at long distances from the radar
will have large vertical differences in reﬂectivity values between elevation angles. Third,
GDZ is divided by the sine of the angular difference between the two elevation angles,
as shown in Eq. 4.4.
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(4.4)
RSINZ = GDZ / sin ( Θupper – Θ lower )
angle

angle

For the same difference in reﬂectivity values between elevation angles, the value of
RSINZ will be larger at short ranges and smaller at long ranges.

Figure 4.13. Range weight function used in RGDZ.

4.2.6h

Membership Functions

Using the feature ﬁeld histograms (Figure 4.11), membership functions are devised such
that the characteristic that matches the scatterer type has a maximum likelihood value.
For instance, ground clutter typically has radial velocity values near zero m s-1. Therefore,
the appropriate membership function will scale values of 0 m s-1 to a value of unity, i.e.,
the maximum degree of likelihood. Values of radial velocity far from zero, such as 10 m
s-1, will be scaled to have a likelihood value of 0. Deﬁning the appropriate velocity value
where zero likelihood should begin on the membership function depends on the data
distribution for the feature. For features having a narrow distribution (Figure 4.11c), the
membership function will also have a narrow distribution. Likewise, features having a
broad distribution (Figure 4.11a) will have membership functions with a broad distribution.
The membership functions for each of the REC algorithms are shown below.
4.2.7
4.2.7a

The REC Algorithms
Anomalous Propagation Detection Algorithm (APDA)

The feature ﬁelds used by the APDA include: the texture of the reﬂectivity ﬁeld (TDBZ),
the median radial velocity ﬁeld (MVE), the median spectrum width ﬁeld (MSW), the
standard deviation of the radial velocity ﬁeld (SDVE), the SPIN ﬁeld, the vertical difference
of the reﬂectivity (GDZ), and the GDZ ﬁeld divided by the sine of the difference of the
elevation angles (RSINZ). Equal weights are used. Membership functions are shown in
Figure 4.14. The APDA is applied over both land and sea regions.
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4.2.7b

Sea Clutter Algorithm (SCDA)

The feature ﬁelds used by the SCDA include: the texture of the reﬂectivity ﬁeld (TDBZ),
the median spectrum width ﬁeld (MSW), the standard deviation of the radial velocity
ﬁeld (SDVE), the SPIN ﬁeld, the vertical difference of the reﬂectivity (GDZ), the rangeweighted GDZ ﬁeld, and the GDZ ﬁeld divided by the sine of the difference of the
elevation angles (RSINZ). Equal weights are used. Membership functions are shown in
Figure 4.15. The SCDA is applied only over oceanic regions.
4.2.7c

Results: Case Studies

7 October 2002
This case was chosen because the Al Dhafra radar showed large regions of AP ground
clutter (radial velocity values near zero m s-1) and sea clutter return (radial velocity
values between –1 and –3 m s-1). Results from 7 October 2002 are shown at 1442 UTC
(Figure 4.16). There are no precipitation returns. For this case, the APDA and SCDA
algorithms perform quite well (Figure 4.16c), removing most of the contamination from
the base data. Much of the remaining contamination has low reﬂectivity values. The REC
algorithm performance would be improved if the three base data variables were available
at each range gate. Notice that there are fewer radial velocity range gates and even fewer
spectrum width range gates when compared to the reﬂectivity ﬁeld. This is true of all
examined data sets from all the radars.
2 September 2002
Figure 4.17 shows results from the Al Dhafra radar on 2 September 2002 at 1552 UTC.
Again, no precipitation echo is present but there are regions of AP ground clutter and
sea clutter return. For this case, the APDA and the SCDA work well to remove the
contamination from the reﬂectivity data (Figure 4.17b). However, like the 7 October
2002 case, regions of contamination have not been removed. For this case, a de-clumping
algorithm has been applied to remove small regions (<11 gates) of contamination. This
is an effective method for removing additional contamination (Figure 4.17c). In addition,
Figure 4.17d uses a 10 dBZ threshold to show that most of the remaining contamination
has low reﬂectivity values. The performance of the APDA and the SCDA suffer because
many range gates do not have all three moment ﬁelds. The radial velocity ﬁeld is especially
good at locating AP ground clutter.
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Figure 4.14. Membership functions for the
AP clutter detection algorithm (APDA).

Figure 4.15. Membership functions
for the sea clutter detection algorithm
(SCDA).
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a)

b)

c)

d)

Figure 4.16. Fields from the Al Dhafra radar on 7 October 2002 are shown at 1442 UTC. Fields
shown are a) the original reﬂectivity (dBZ) ﬁeld, b) the original radial velocity ﬁeld (m s-1)
with values near zero shaded a cyan color, c) the reﬂectivity ﬁeld after the APDA and SCDA
outputs have been used as a threshold, and d) the original spectrum width ﬁeld (m s-1). Range
rings - 50 km.a)
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a)

b)

c)

d)

Figure 4.17. Fields from Al Dhafra radar on 2 September 2002 are shown at 1552 UTC. Fields
are a) original reﬂectivity (dBZ) ﬁeld, b) reﬂectivity after the APDA and SCDA outputs have
been used as a threshold, c) reﬂectivity after the APDA and SCDA outputs have been used as a
threshold and a declumping algorithm has been applied, and d) reﬂectivity after the APDA and
SCDA outputs have been used as a threshold, a declumping algorithm is applied, and a 10 dBZ
threshold is used.

Data from the Dubai radar on this day at 1551 UTC are shown in Figure 4.18. Notice
that the large regions of sea clutter to the west of the radar have no radial velocity (Figure
4.18b) or spectrum width (Figure 4.18d) values. Yet, despite this, the two REC algorithms
are able to remove this intense contamination from the base data ﬁeld (Figure 4.18c).
Performance of the REC algorithms is similar when comparing the Al Dhafra case to the
Dubai case.
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Figure 4.18. Fields from the Dubai radar on 2 September 2002 are shown at 1551 UTC. Fields
shown are a) the original reﬂectivity (dBZ) ﬁeld, b) the original radial velocity ﬁeld (m s-1), c)
the reﬂectivity ﬁeld after the APDA and SCDA outputs have been used as a threshold, and d) the
original spectrum width ﬁeld (m s-1). Notice that the three moments do not always co-exist for
each range gate.

11 April 2002
When using automated algorithms to remove contamination from the data stream, it is
important that precipitation echoes not be removed through erroneous identiﬁcation. To
illustrate the performance of the REC algorithms within precipitation, a case from the Al
Dhafra radar on 11 April 2002 is shown at 1410 UTC (Figure 4.19). In this case, several
large convective cells are approaching the radar from the west. After application of the
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APDA and the SCDA algorithm results, most of the precipitation echo remains. Some
small regions of precipitation are removed within cells that are over the ocean. This is
because discrimination between sea clutter and precipitation echo is more difﬁcult than
discrimination between AP ground clutter and precipitation echo. Notice in Figure 4.19
that the convective cells that are over land do not have any gates removed in error.

Figure 4.19. Fields from the Al Dhafra radar on 11 April 2002 are shown at 1410 UTC. Fields
shown are a) the original reﬂectivity (dBZ) ﬁeld and b) the reﬂectivity ﬁeld after the APDA and
SCDA outputs has been used as a threshold.

The REC algorithms for AP ground clutter (APDA) and for sea clutter (SCDA) have
been shown to perform well on the UAE EEC C-band radars. The algorithms have been
deployed on the three available radars (in 2002) at Al Dhafra, Dubai and Al Ain-Mobile.
As the other radars became available in 2004, the REC algorithms were installed and
tuned (but only preliminarily) for the new locations.
Currently, the de-clumping algorithm is not deployed with the REC algorithms. Results
from the de-clumping algorithm were shown here to indicate another method to improve
the removal of contaminants from the base data. However, further testing is needed
before this algorithm is deployed as part of the Radar Data Quality Enhancements work.
Continuing efforts to improve the quality of the radar base data ﬁelds will necessitate
monitoring the performance of the REC algorithms and making changes to the membership
functions as necessary.
4.2.4d

Additional test work in 2005

The ApRemoval algorithm was implemented on all the UAE radars in 2004. However,
few resources have been available to systematically collect and transfer the large ﬁles of
raw radar data that are required to evaluate, tune, test, and implement algorithm values
speciﬁc to each radar. Therefore, “tuning” of the algorithm occurs opportunistically.
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Recently, software modiﬁcations were developed and tested on the Dalma radar. This
radar experiences severe ground clutter from neighboring coasts and sea clutter (being
on an island). Precipitation events have shown that the 2004 setup was eliminating too
many valid weather echoes, and further investigations were performed to optimize the
ApRemoval algorithm. Figures 4.20 and 4.21 show some preliminary results of initial
software changes, comparing the raw reﬂectivity data with reﬂectivity data as thresholded
with the operational scheme from 2004 and reﬂectivity data as thresholded with software
changes made as of 2 February 2005. The 2005 changes attempted to prevent the
unwanted removal of precipitation data by de-tuning the sea clutter detection algorithm
such that less sea clutter is removed. Discrimination between sea clutter and precipitation
is difﬁcult. No changes were made to the AP ground clutter algorithm.

Figure 4.20. Fields from Dalma 3 June
2004 are shown at 1602 UTC. Fields are
original reﬂectivity (dBZ) ﬁeld (upper left),
reﬂectivity using the 2004 thresholded
values (upper right), and reﬂectivity using
the 2005 test thresholded values (lower
left). This was a case of sea and ground
clutter only. More sea clutter contamination
remains with the test version compared to
the operational version.
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Figure 4.21. Fields from Dalma 9 December
2004 are shown at 1914 UTC. Fields are
original reﬂectivity (dBZ) ﬁeld (upper left),
reﬂectivity using the 2004 thresholded
values (upper right), and reﬂectivity using
the 2005 test thresholded values (lower left).
This was a case of precipitation echoes with
some ground clutter and sea clutter return.
For this precipitation case, notice that less
reﬂectivity is removed from convective
cells with the test version compared to
the operational version. More sea clutter
contamination remains.

Additional software modiﬁcations have been made since 2 February 2005 that further
improve the quality of the REC algorithm. The additional software changes include:
• Averaging across missing reﬂectivity gates to improve the vertical difference of
reﬂectivity results.
• Process added to interpolate between beams when beams are missing.
Testing will occur for the other radars on a sporadic basis, and some may not be tested
individually. Implementation of the software changes is planned by end of summer
2005.
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Section 5

WEATHER
& NUMERICAL
MODELING STUDIES

Weather and Numerical Modeling Studies
5.1

INTRODUCTION

The UAE experiences a tropical desert climate. The atmosphere is generally very dry due
in part to the drying effects of upper-level subsidence and limited sources of upper-level
moisture. This moisture comes almost exclusively from frontal systems arriving from the
northwest in the winter and tropical monsoon systems based upon easterly ﬂow from the
Indian Ocean during the summer. However, at these latitudes (22-27oN), only the fringes
of the frontal systems in the winter and the monsoon systems in the summer affect UAE
weather. In both situations, the mountains play an important role in the distribution of
rainfall over the area. Summers are extremely hot and dry, with mean daily maximum
air temperatures of 37-45 oC in June-August, with extremes approaching 50 oC, and mean
minimum temperatures of 25-28 oC. Under clear skies, incident solar radiation ﬂuxes of
1000 W m-2 are measured by inland surface stations. Relative humidities near the surface
are often surprisingly high, 70-90%, particularly in the coastal cities, but this shallow
surface moisture layer rarely translates into rainfall.

Figure 5.1: Mean monthly rainfall for Abu Dhabi in the UAE (1969-1991).

Past climatological studies have identiﬁed the winter season (Dec-March) as accounting for
the bulk of rain in the UAE (Figure5.1). These studies were based on reporting stations located
primarily along the northern coast or in the Gulf. Troughs, depressions and the occasional front,
moving into the region from the west and northwest, result in large-scale systems that provide
signiﬁcant rainfall. During strong frontal conditions, rainfall can be experienced throughout
the country but reaches a peak over the mountains due to additional uplift as airﬂow is forced
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over the mountains. Often times these systems have embedded convective elements or even
isolated convective cells as the frontal system passes through the region. Strong systems with
convective instability occur infrequently, perhaps once or twice a year, while weaker systems
occur much more often, resulting in several days of cloud cover and light rain or drizzle.

5.2

ATMOSPHERIC ENVIRONMENT

Winter and summer conditions are delineated by distinctly different meteorological regimes,
while May and October are transition months with rarely any rainfall. Climatological
studies have identiﬁed the winter season (December-March) as accounting for the bulk
of rain in the UAE (Research Applications Program 2003) based on reporting stations
located primarily along the northern coast or in the Gulf. Troughs, depressions and the
occasional front, moving into the region from the west and northwest, result in large-scale
systems that provide signiﬁcant rainfall. However, as in the winters of 2001 and 2002,
years may pass with no strong synoptic events, exemplifying the fact that the annual
rainfall in the UAE is highly variable. Figure 5.2 shows the monthly mean precipitation
(μ) for the Al Ain station and includes the standard deviation (σ) and the coefﬁcient of
variation (cv = σ/μ). The fact that the monthly standard deviation exceeds the monthly
average precipitation for the wettest months (January through March) is revealing, as the
year-to-year variation in precipitation is extreme in this region. It is also evident that,
although there seems to be a secondary rainfall peak in July in Al Ain, most of the intense
rainfall observed to fall during summer convection is not captured in the historical record.
The secondary peak is absent in the Abu Dhabi rainfall records (Figure 5.1) indicating
that the summer clouds rarely move off over the desert and reach the coastal areas.
Convective rainfall over the Oman Mountains during the summer season is a phenomenon
that was widely known to local meteorologists but not described adequately in
climatological studies. Although there is some indication of the existence of a summer
convective component in the Al Ain rainfall records (Figure 5.2), the frequency and
importance of mountain rainfall were not well documented. During the summer, the
UAE region is under the inﬂuence of upper level easterly to northeasterly ﬂow associated
with the tropical easterly belt, enhanced by the thermal low over the sub-Asian continent.
This circulation can provide some moisture from the Arabian Sea. However, the ﬂow
at low levels is often from the northwest during the daytime on the UAE side of the
mountains due to a sea breeze circulation, forced by surface temperature differences
between the desert and the Arabian Gulf. The mountains often initiate convection under
these conditions, depending on the wind ﬂow and the thermodynamic proﬁle of the
atmosphere. Relatively small changes in the wind ﬂow and thermodynamic structure can
result in large changes in cloud development.
The most intense rainfall occurs over the mountains east of Al Ain in Oman, where
historically there have been no rainfall measurements. Convective rainfall over the Hajar
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Mountains during the summer season is a critical component of the hydrometeorology of
the UAE/Oman region and a phenomenon that is widely known to local meteorologists
but is not described adequately in climatological studies because of the lack of recording
rainfall stations in the mountains. Although there is some indication of the existence
of a summer convective component in the Al Ain rainfall records, the frequency and
importance of mountain rainfall are not well documented. More recently, this monitoring
is being done with quantitative meteorological radars in the UAE, using surface weather
stations to calibrate the radar-derived rainfall measurements (Research Applications
Program 2003).

Figure 5.2. The mean, standard deviation and coefﬁcient of variation in monthly precipitation for
Al Ain from 20 years of data.

In general, enhanced vertical motions resulting from low level lifting of air by orographic
barriers, which in turn excite gravity waves, often lead to the formation of clouds and
precipitation. Orographic mountain ﬂows encompass a broad range of horizontal scales
of motion, and disturbances forced by orography can extend above the troposphere.
The two most important orographic forcing mechanisms are thermal and mechanical in
nature. Thermal circulations result from differential heating and cooling which varies
with the diurnal insolation on the mountain, while mechanical forcing produces a wave
disturbance when stably stratiﬁed air is forced to rise over a topographic barrier. A portion
of the energy associated with these disturbances is transported away from the mountain
by gravity waves. Gravity waves forced by mountains are also referred to as mountain
waves. The wave structures strongly depend upon the direction and speed of the airﬂow,
the mountain height and width dimensions, as well as on the effective heating/cooling
changes that occur during the day. Therefore, the impacts of mountains depend on the
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vertical proﬁle of temperature, dewpoint, wind speed, and wind direction. All of these
effects will impact the evolution of clouds and precipitation.
The Dubai Department of Civil Aviation (2000), the UAE Ministry of Communications
(1996), Mandoos (2005), and the recent climatological reports from the Department of
Water Resources Studies summarize the climatological norm during the summer months.
In June, the low pressure that develops in the lee of the Zagros Mountains of southern Iran
combines with a ridge of high pressure over Saudi Arabia to produce a long-lived gradient
generating northwesterly winds called the “forty-day shamal”. As the summer advances
and the lee low effect weakens, the monsoon spreads northwards over India and a moist
monsoon air mass from the Indian Ocean pushes westward across the Gulf of Oman over
the Arabian peninsula.
Coastal mean maximum temperatures in the UAE in July are typically in the low 40’s oC
while inland stations report the hottest temperatures with maximums of 44 oC and record
extremes around 49 oC. During July, sea surface temperatures are still rising, reaching 3233 oC. This being the month of strongest air-sea temperature differences, thermal gradients
can be strong, producing a moderate to strong (4-7 m/s, sometimes reaching 10 m/s,
northwesterly sea breeze most afternoons with a sharply-deﬁned front that propagates
inland, and an overnight 2-4 m/s south-southeasterly land breeze. With weak synoptic
pressure gradients over the Gulf area, land and sea breezes begin to dominate the ﬂow.
Upper level subsidence is prominent during the summer months, providing a strong
cap to convection and making the surface humidity near the Gulf coast extremely high,
while inland, the boundary layer is more deeply mixed. On the east coast, easterly sea
breezes off the Gulf of Oman force very humid air up the Hajar Mountains. Depending
on the moisture and stability proﬁles, the combination of high temperatures and high
humidity can make atmospheric conditions convectively unstable. Thunderstorms with
intense localized heavy rainstorms are common. Radar climatology supports that the
clouds form ﬁrst along the mountains, then move west, most dying shortly after leaving
their convection trigger; thus, precipitation is mostly conﬁned to the mountainous regions
in the eastern UAE and Oman. Inland stations frequently report towering cumulus and
cumulonimbus with thunderstorms, squalls, and dust or sandstorms. Dry gust fronts from
these storms occasionally reach the Gulf coast and may combine late in the afternoon
with Gulf coast sea breezes from the northwest. Although most storms are short-lived,
mid- and upper-level easterly winds help to propagate longer-lived storms toward the
Gulf coast that occasionally affect coastal cities of Abu Dhabi, Dubai, Sharjah, and the
northern Emirates, or, toward the southwest, produce thunderstorms over the Liwa oasis
and Saudi Arabian Empty Quarter.
Despite the sparse upper air data in this region, synoptic-scale models may adequately
capture the prevalent regional forces affecting airﬂow and precipitation in this region,
such as easterly waves, upper level subsidence, and the Arabian Peninsula thermal low
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(Figure 5.3). However, many of the mesometeorological features that dominate the ﬂow
particularly during this time are not captured. These strong, distinct forcing factors such as
the land-sea breezes, intense surface heating inland, easterly monsoon ﬂow, ﬂow through
narrow wadis, and mountain convection and outﬂow lead to complex ﬂow interactions
that complicate summer precipitation forecasting. These ﬂow interactions, and the
consequent impact on precipitation formation, have not been studied in detail. Moreover,
although many of these forcing factors are present each summer day, relatively small
changes in the wind ﬂow and thermodynamic structure can result in large differences in
cloud development and precipitation distribution.
No major strong synoptic events occurred during the 2001 winter and studies were extended
into 2002 to supplement the 2001 data. However, no strong systems occurred in the winter of
2002 either, emphasizing the fact that the annual rainfall in the UAE is highly variable – the
standard deviation being larger than the mean.

Figure 5.3. An idealized depiction of common meteorological features in the UAE region.

It is important to monitor the rainfall over the mountains in order to fully understand the
hydro-meteorological interactions that occur in the UAE/Oman region. This monitoring
is best done with quantitative meteorological radars in the UAE, using surface weather
stations to calibrate the radar-derived rainfall measurements.
The winter and summer conditions are delineated by distinctly different meteorological
103

regimes, while May and October are transition months with rarely any rainfall. Mean
soundings from nine years of data for January, February, and March are plotted in Figure
5.4. The soundings for each month are very similar and show generally dry, stable
conditions typical of most days in the winter. The inﬂuence of strong mid-latitude
westerly ﬂow is also obvious, which occasionally brings rain-producing westerly troughs
and frontal systems.

Figure 5.4. Mean 12 UTC soundings for AUH (Abu Dhabi) during January, February and March.
Data averaged over 1991-1999.

Mean sounding conditions for the summer to late summer season are shown in Figure 5.5.
During the summer months (June to September), the region is under the inﬂuence of weak
upper-level tropical easterly ﬂow. The beginning of the transition period is evident in the
slight changes of the mean September sounding. Although the atmosphere is still generally
dry in the summer, tropical moisture is sometimes advected into the region from the Gulf of
Oman and Arabian Sea. Hot surface temperatures and a deeper unstable layer in the lower
atmosphere often causes convection to occur as air is forced up over the mountains, developing
thunderstorms over the Oman Mountains and into eastern UAE. These thunderstorms are
generally short-lived but can produce intense precipitation over small regions and times.
The atmosphere in the UAE is generally very dry due in part to the drying effects of
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upper-level subsidence and limited sources of upper-level moisture. This moisture comes
almost exclusively from frontal systems in the winter and tropical monsoon systems in
the summer. However, due to the latitude of the UAE, only the fringes of the frontal
systems in the winter and the monsoon systems in the summer affect the weather in
the UAE. In both situations, the mountains play an important role in the distribution of
rainfall over the area.

Figure 5.5. Mean 12 UTC soundings for AUH (Abu Dhabi) during July, August and September.
Data averaged over 1991-1999

5.3

RADAR CLIMATOLOGY

In a country sparsely populated in rural areas, such as the UAE, radar data become
essential in developing a climatology to understand precipitation distribution, to assist in
hydrological analyses, and to assess and quantify the potential effects of seeding. These
data are collected, archived and analyzed using Titan (described in Section 4). Aside from
the use of Titan in real-time operations and short-term forecasting, features of the software
can be used to determine whether rain events are primarily convective or stratiform in
nature. In the case of convective storms, Titan, which was originally developed for the
evaluation of weather modiﬁcation efforts in South Africa, can automatically identify
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and track rain events. The automated analysis of storm properties that Titan provides is
an ideal tool for developing a rainfall climatology and for detecting seeding signatures in
radar data collected as part of weather modiﬁcation efforts.
As mentioned previously, due to a limited network and other problems with the radars
in 2001-2002, quantitative measurements of radar echo properties are limited. The radar
systems were not stable and consequently reﬂectivity values were not well calibrated.
Hence, rainfall estimates are not possible. Time and location of echo development and
limited information on echo movement is possible when ground clutter does not obscure
weather-related echoes. However, no radar evaluation of rainfall enhancement (seeding)
efforts performed in 2001-2002 can be accomplished.
Only data from the Al Dhafra radar were used in constructing the summaries of conditions
in the winter and summer of 2001. The Dubai radar did not start recording data (via
Titan) until May of 2001, and the data recorded in the summer did not add signiﬁcantly to
the information available from the Al Dhafra radar alone. Data from the three operational
radars, when available, were used for the 2002 summaries. The Dubai radar in particular
(and the Al Dhafra radar at times) suffered from problems of missing beams or rays of
data that often impacted the coverage and continuity of echoes from convective storms.
Consequently, for the purpose of summarizing precipitation events, the Al Dhafra radar
was the primary source of data for both 2001 and 2002.
In 2003-2004, the UAE radar network developed to extend across the entire country and
surrounding region. However, the focus of the ﬁeld projects in the summer was over
eastern UAE and the Oman mountains. The primary radar for the seeding experiments
was the Al Ain radar, which had the best coverage of the focus region. Climatological
studies, using the entire archived rada data set, are possible, but the analysis of 2003 and
2004 storms described in this section are limited to summer convective storms in the
focus region. Locations of towns and airspace intersection points are referenced in the
summaries and descriptions of storm and ﬂight locations, and Figure 5.6 provides a map
of the focus region with these landmarks.
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Figure 5.6. Reference map from CIDD display of 2003-2004 focus area of eastern UAE
and the Oman mountains. The background displays coarse terrain features with the
elevation color-shading legend plotted on the right. Range rings from the Al Ain radar
are plotted every 40 km. The thin black line denotes the approximate boundary between
the UAE and Oman. Towns are marked and labeled in black, and airspace waypoints are
marked and labeled in red. The thick red line denotes the airspace boundary between
UAE Center to the northwest and Muscat (Oman) Center to the southeast.
5.3.1

Winter 2001 Observations

Table 5.1 provides an overview of radar characteristics during the 2001 winter months
when radar data were available and weather echoes existed. This initial summary
provides only a qualitative overview of conditions experienced in the winter of 2001.
The most signiﬁcant weather event was associated with a frontal passage on 9-10 January
2001, which included some isolated convective cells and many embedded cells that were
strong enough to be tracked with Titan. Details from the 9-10 January storm periods are
presented in Section 5.3.5a and are also discussed in Section 5.6.3. Radar data were not
collected between 14 January and 10 February (with the exception of a few short periods).
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However, no signiﬁcant weather events occurred in this time frame. On several days
in February and March, scattered echoes and weak echoes developed and lasted long
enough to estimate a general motion vector, which are included in the summary table. A
series of waves (weak troughs or frontal-type systems) brought widespread echoes into
the UAE region over a one-week period in March, although none were as strong as the
9-10 January system. These occurred on 18, 20, 22, 23, and 25 March, the last of which
had more cellular or convective echoes. In total, the winter period of 2001 was not very
active in producing precipitation when compared to past years.
Table 5.1. Summary of radar data collected in Winter 2001.

WINTER: 1 January – 31 March 2001
Date

Time of echoes (UTC)

1-Jan

No weather-related echoes

2-Jan

No echoes

3-Jan

No signiﬁcant echoes

4-Jan

No echoes

5-Jan

No echoes

6-Jan

No signiﬁcant echoes

7-Jan

No signiﬁcant echoes

8-Jan

9-Jan

Comments on radar echoes

.

0900 and throughout the
day

Large echo mass develops over the western
Gulf area. By ~10:30, systems of echoes with
individual elements lasting up to 50 min move
east-northeastward in “waves”. These extend
onto the coastal regions by 1700 and expand
in area. Ground clutter becomes signiﬁcant
after 1400.

0000 and early AM

By 0000, echoes become more cellular
(convective), though most are still relatively
weak.

0550

A break in the echoes, which are conﬁned
mainly to the Gulf.

Echoes again become more cellular and the
0800-1100; then throughout convective elements move to the right of the
day
wind. After about 1100, echoes grow into a
larger echo mass.
SEE FIGURES IN Sect. 5.3.5a FOR CELL
STATISTICS.
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10-Jan

Up to 1330

Winds shift from westerly to more northerly.
By 1330, echoes are dissipating.

1330-1700

Few echoes remain after 1330, and all are
gone by 1700.
SEE FIGURES IN Sect. 5.3.5a FOR CELL
STATISTICS.

11-Jan

No signiﬁcant echoes

12-Jan

1640-1840

13-Jan

No signiﬁcant echoes

14-Jan

No signiﬁcant echoes

30-Jan

NO RADAR DATA
No echoes

31-Jan

1350-2225

A single weak echo mass develops near west
coast, moves rapidly eastward to over Abu
Dhabi by 1737. Altitude of echo is high: 8-11
km. Some slightly stronger cores develop, and
echo mass develops into thin line and moves
rapidly over the mountains by 1840. General
motion: 080°/50 m s-1
No radar data available after 1741.

Weak layer echo develops over Gulf, moves
southward onto land by 1625, then continues
southward out of area by 2225.

NO RADAR DATA

February
Radar data are very poor quality, nearly
unusable.

8-Feb

No apparent echoes

9-Feb

No echoes

Radar data are unusable.

Prior to 1400

Radar data are unusable.

10-Feb

1400-2250

11-Feb

No echoes

12-Feb

No echoes

13-Feb

No echoes

Weak echo mass develops and moves eastward
across the Gulf. A thin line echo develops to
the south and moves eastward across the Abu
Dhabi emirate, with a few stronger echoes
lasting from 1828 to 1910. All echoes weaken
by 1950 and dissipate by 2247. Echoes capped
below ~7 km; motion of stronger echoes:
065°/17 m s-1
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14-Feb

No echoes

15-Feb

No signiﬁcant echoes

16-Feb

No echoes

17-Feb

No echoes

18-Feb

No echoes

19-Feb

No echoes

Many missing beams in radar data.

20-Feb

No echoes

21-Feb

No signiﬁcant echoes

22-Feb

No signiﬁcant echoes

Radar data are of very poor quality (many
gaps).

23-Feb

No echoes

Radar data are of very poor quality (many
gaps).

24-Feb

No echoes

Radar data are of very poor quality (many
gaps).

25-Feb

No echoes

Radar data are of very poor quality (many
gaps).

26-Feb

No signiﬁcant echoes

Radar data are of very poor quality (many
gaps).

27-Feb

No echoes

Radar data are of very poor quality (many
gaps).

28-Feb

No echoes

Radar data are of very poor quality (many
gaps).

March
1-Mar

No echoes

A particularly bad day for AP/ground clutter.

2-Mar

0930-1420

Small echoes form south and east of radar
about 60 km, and become more cellular by
1145. Tops below 6 km. Move eastward
into Oman mountains and dissipate by 1420.
General motion: 055°/5 m s-1

3-Mar

No echoes

Strong AP clutter

4-Mar

No echoes

Strong AP clutter

1130-1700

Weak echoes form 150 km WSW of Al
Dhafra, and move into central UAE by 1430.
Develops into larger but still weak echo mass,
and moves into Oman by 1700. General
motion of weak echo cells: 080°/14 m s-1

5-Mar
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6-Mar

No echoes

Strong AP clutter

7-Mar

No echoes

Strong AP clutter

0530-0900

Weak echoes forms southwest to southeast,
80-200 km from Al Dhafra, move eastward,
and dissipate near the SE border. General
motion: 095°/15 m s-1

2030-0340 (9-Mar)

High shallow echo layer develops along the
coast west of Tarif and moves across the UAE.
Most echoes pass south of the radar, but a
later development occurs North about 60 km
by 2200. Echoes move eastward and become
more widespread by 2300. Most dissipate by
0310 on 9-Mar.
(Echoes embedded in heavy AP clutter.)

8-Mar

9-Mar

No echoes after 0340
Small weak echoes form in far west quadrant;
become more of a mid-level echo mass (4-6
km) by 1600. Moves eastward into central
UAE as well as over the Gulf. General
motion:
085°/21 m s-1

10-Mar

1415-0130 (11-Mar)

11-Mar

No echoes after 0130

12-Mar

No echoes

13-Mar

No echoes

Strong AP clutter at night.

No echoes

Strong AP clutter most of the time with lots
of gaps.
Radar pointing angle error correction made
(~6 degrees).

0030-0330

Echo mass develops over the northern Gulf
area and moves eastward, remaining ~200 km
NW of radar.
Radar data missing from 0415 to 1830.

1830-1920

Few small echoes develop over northern Gulf
and SW of Al Dhafra.

14-Mar

15-Mar

16-Mar

No signiﬁcant echoes

111

0000-0311

Weak echoes move in from the west over the
Gulf (southwest of Zirku), but dissipate prior
to reaching Abu Dhabi.

0400-0630

Another cycle of the same echo development,
movement, and dissipation occurs.

18-Mar

0130-1200

A large echo mass associated with a front
moves into western UAE and Gulf by 0130.
Some embedded cells of higher reﬂectivities
are evident but short-lived. Tops are less
than 7 km, and cores reside at 4 km. Echo
becomes widespread and is initially heaviest
over the Gulf, later becoming concentrated in
the southwest. Echo dissipates as it moves NE
beyond the radar coverage. General motion of
embedded cells: 075°/20 m s-1

19-Mar

No echoes

17-Mar
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20-Mar

0130-1200

Major echo mass moves in from the WNW,
mostly over the Gulf with some embedded
areas of higher reﬂectivities. Tops are less
than 6 km with cores at 4 km. Mass moves
north of the radar by 0500 and breaks up as
it moves onshore and over the Gulf between
Abu Dhabi and Dubai. Most of the echo
mass dissipates by 0730. Small weak echoes
continue to develop and move across the radar
region, but all dissipate by 1200. General
motion: 072°/21 m s-1 (Several missing gaps
in data.)

21-Mar

No echoes

Many missing gaps, and strong AP clutter.

0500-1130

Weak echo cells form southwest to west over
UAE. They dissipate as they move east (to
just south of radar) and in the formation region
by 1130.

1230-1430

Weak echo mass move into NW region over
Gulf and dissipates as it moves north of the
radar (also becomes less clear in AP clutter).

1900 into 23-Mar

A new echo mass develops WSW over the
Gulf and moves onshore north of the radar.
Another echo mass develops SW of radar by
2030 and grows to considerable size south
and southwest by 2145. The total echo area
is large with some slightly higher reﬂectivities
embedded in areas. Tops are capped at 6
km with cores at 3-4 km. General motion of
embedded echoes: 077°/18 m s-1

0000-1100

By 0400, majority of echo mass is concentrated
in the southern half of the UAE. Typical speed
of embedded elements: 079°/30 m s-1. Last of
echo mass moves out of UAE at the SE border
by ~1100.

1200-2145

A line of shallow cells develop south of
Dubai, perpendicular to the coast, and move
ENE (075°/22 m s-1). Series of cells develop
and move off the NE coast of UAE by 1445.
However, isolated cells develop over NE
mountain region through ~1900. Shallow
cells develop over the Gulf, but aligned with
the coast, NW of Abu Dhabi to Umm Al
Qaiwain. Most dissipate by 2145.

22-Mar

23-Mar

24-Mar

No echoes
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25-Mar

All day

Echoes move into NW corner of domain at
0010, followed by larger bands of echoes with
embedded cells at 0217. Small cells also begin
to develop near Tarif and inland 50 km west of
the radar. By 0430, cells form on the south and
southeast side of the domain. Well-developed
cloud systems move west to east across the
Gulf and also south over Al Ain and into the
mountains. General motion: 065°/14 m s-1.
By 0850, no echoes remain in the UAE. At
1040, cells form over the western slopes of the
mountains. More cells form southwest of Al
Dhafra by 1300 with continued development
over and west of the mountains. General
motion of these cells: 052°/17 m s-1. By 1700,
only a few are left in Oman. At 2030, another
outbreak of cell development occurs SSE 100150 km from the radar, and moves as a line
into the mountains and out of range by 2250.

26-Mar

~0100

A few small cells develop near SE border
and quickly move out of the UAE into the
mountains south of Al Ain.

27-Mar

No signiﬁcant echoes

28-Mar

No echoes

29-Mar

No echoes

30-Mar

No echoes

5.3.2

Data missing 0525-0811.

No echoes on 31 Mar either – End of Project

Summer 2001 Observations

Table 5.2 summarizes the echo development during the Summer 2001 ﬁeld project. Only
days when cloud physics ﬂights were made, which includes the seeding ﬂights as well, are
included in this table. Flights were made on nearly all days of signiﬁcant echo formation
in the UAE and the table can be compared to ﬂight tables and cases presented elsewhere
in this report.
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Table 5.2. Summary of radar data collected in Summer 2001. (Days when cloud ﬂights were
made).

SUMMER: 15 June – 22 August 2001
Date

15 June

Time of echoes (UTC) Comments on radar echoes

0900
~1520

0000 and on
16 June
~0800

0900

20 June

1000

1330

21 June

~1000
1200

High-based, weak convective cells form far to the
south.
Same type of clouds develop over Liwa region,
with continuous regrowth and northward
movement into 16 June. [No ﬂight on this day.]

High-based, weak cells and remnant echoes
maintain development over Liwa region.
Development area moves northward towards
Al Dhafra. Very weak echoes maintain over Al
Dhafra region, then move eastward and dissipate
by ~1400. [Aircraft observations verify the
existence of Altocumulus at 0920-1035.]

Mountain convection develops (over Oman
mountains SE to ENE of Al Ain, in Omani
airspace) and becomes deep convection with 1214 km tops.
Cell develops near Masaﬁ, and others develop in
UAE airspace. Cells remain stationary and short
lived, but develop strong echoes for a short time.
Convective cells have dissipated.

One large development (deep cell) in Oman SE
of Al Ain.
Only anvil debris remains.
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23 June

25 June

1050
1330

0650
0915
1400

1015
29 June
1320

Scattered weak-moderate convection develops
over Oman.
Convection dissipates.
Convection develops over Oman.
Development occurs farther north into UAE as far
as Masaﬁ; last of northern cells moves west onto
plains.
Dissipates west of Al Haiyer
Convection develops over Oman but remains
outside of UAE airspace. Echoes of moderate
strength, capped below ~10 km.
Convection dissipates.

July
2030 (13 July)
~0100
14 July

~0430
0930
1300
~1500

~0830
19 July

1330
1700

1100-1400
20 July
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~1220
1530

Midlevel (thin) echoes developed over most of
central UAE, with echo mass lasting into 14 July.
Stronger echoes develop on southern border,
moving west along southern border.
Isolated mid-level cells develop.
Few cells develop over Oman mountains.
Only anvil debris from several cells remain with
some cellular areas of mid-level weak echoes.
All echoes have dissipated.
First development of deep convection over
Oman mountains, extending northward into UAE
airspace.
Last of the UAE cells dissipate.
Oman cells moved SW, some to the UAE border;
all dissipate.

Convection develops over eastern Oman
mountains; stays in Oman airspace, dissipating by
1400.
Small cells develop west of Liwa region.
Cells move south and southwest out of UAE.

0530

24 July

~1200
1430
1630
1900

0300-0600

25 July

0900
~1130
1500

0830
26 July
1430

0800
~1000
27 July
1230-1315
1430

Mid-level to high-level scattered echoes evident in
central UAE and over Oman mountains. General
western movement. Larger mass of weak echo (at
~6 km altitude) moves off mountains to west of
Al Ain; moves over Al Dhafra and central UAE
by 1000.
Convection develops over southeast Oman
mountains.
Convection dissipates, but anvil echo remains.
Mid-level weak echo develops in western UAE.
Dissipates or moves out of range to the west.

Mid-level echoes develop in Oman mountains
late on 24 July; move and develop other mid-level
echo SE and S UAE by 0300; dissipate by ~0600
First convective cells form over Oman mountains,
capped tops.
Cells in UAE (along western foothills) develop,
with tops capped below 8 km.
Last cell – west of Al Ain – dissipates.

Convection over Oman mountains develops. Cells
form east of Al Ain (still in Oman) with some
extension into UAE airspace. Motion is southerly,
and tops reach about 10 km.
Convection dissipates.

Convection begins over Oman mountains.
Cells form in UAE airspace; tops mostly below 8
km with a few reaching 10 km.
Line of small cells forms southwest from Masaﬁ.
All echoes have dissipated.
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0800
0900
28 July
~1130
1440
1600

0800
1030-1430
29 July
~1200
1500

0820-1000
~1130
1300
30 July
1900

~2300
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First cell develops in Oman mountains.
Cells develop along mountains northward into
UAE airspace. Early storms are capped below 8
km, but some of the larger storms grow to 14 km
and higher.
Signiﬁcant cell forms near Masaﬁ, moves/
propagates to the SW.
Cell dies north of Al Haiyer.
Weak echoes in Oman dissipate.

Cells develop over Oman mountains; remain quite
small and short-lived (~40 min lifetime).
Cell develops near Masaﬁ, propagates SW,
generating new cells; dies out by 1430.
Small, weak echoes form and dissipate in central
UAE, north of Liwa region; tops below 6km.
All have dissipated. [No ﬂight on this day.]

First cell develops in Oman, far eastern radar
coverage area, and dissipates by 1000.
Small weak echoes form east of Liwa region at ~6
km level (not extending to the ground).
Cells become more prevalent in southern border
region but also with continued cycling of echoes
in Liwa region.
Area of development persists and expands to the
north into central UAE and southwest of Al Ain.
Echo area becomes more widespread and slightly
stronger with gradual movement to the east, into
the mountains south of Al Ain.
Development in UAE ceases, with echoes only
evident over Oman mountains (which last until
they move out of range to the southeast at 0430
on 31 July).

0800
0830

1140

31 July
1400

1500-1800

2200-0000

First cell develops in Oman.
Line of 6 cells develops rapidly, stretching from
the mountains to Al Haiyer to Jebel Ali. Tops are
capped at 8 km. Cell over the mountains develops
higher reﬂectivity and higher tops, but dies by
1130. Cell at the northwest end of the line, near
Jebel Ali, lasts the longest (possibly driven by sea
breeze).
Widespread area of small, strong cells (capped
at 6-8 km) begins to form, with storms along the
coast between Abu Dhabi and Dubai, WSW toward
Buhasa, south of Al Dhafra into Liwa region and
to the southern border.
Southern region of echoes join in a weak echo
mass and move east toward the SE border region.
Coastal storms dissipate with only 1-2 active at
a time. Strongest cells are within 40 km of Al
Dhafra.
Strong echo region evolves and extends from Abu
Dhabi to Jebel Ali and SE of Al Dhafra. Mostly
dissipates by 1800, with an occasional embedded
cell southeast of Jebel Ali to west of Al Haiyar.
Light echoes persist into the night with some
stronger echoes developing in central UAE.

August

0500-0800
1 Aug

0830
1150-1430

All echo areas from previous day largely dissipate
by 0500 except for region of small, capped
(but strong) cells over the Gulf south of Zirku.
Development of these cells persists past 0800.
Cells begin to develop 150 km west of Al Dhafra
(over and south of Jebel Dhana). Tops capped at
~8km.
Convective area spreads WSW of Al Dhafra, into
Buhasa region and southwest. Dissipate gradually
but mostly gone by 1430.
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0900
1030-1345
13 Aug
1150-1800

18 Aug

~1200-1400

First cell develops in Oman (far ESE).
Other cells develop north along mountains as far as
Dhaid. None become signiﬁcant in UAE airspace,
and mostly dissipate by 1345.
Small short-lived cells, capped at 8 km, develop in
area around Buhasa (within roughly 50 km radius).
Slowly weaken and dissipate by 1800.
Small weak cell, top below 6 km, develops south
of Dubai. (Only echo of the afternoon.) Severe AP
clutter (humid boundary layer).
No echoes obvious; another day of severe AP
clutter.

22 Aug

NO FURTHER CLOUD FLIGHTS THROUGH
12 SEPTEMBER.

5.3.3

Winter 2002 Observations

Similar to the summary for the 2001 summer, Table 5.3 only presents radar conditions
for days when cloud physics ﬂights were made. Periods of cloudiness and precipitation
occurred with the passage of troughs and fronts, sometimes with unstable conditions
lingering for many days. Several such episodes were sampled during Winter 2002: 1)
a weak system on 3 February; 2) a frontal system with post-frontal instability on 18-20
February; 3) a weak system on 2-3 March; 4) a somewhat stronger system with postfrontal convection on 9-11 March; 5) a similar system on 18-19 March; 6) a series of
short-waves in late March (22-29 March); and 7) a trough with strong instability on 11-12
April.

Table 5.3. Summary of radar data collected in Winter 2002. (Days when cloud ﬂights were made).

WINTER: 30 January – 13 April 2002
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Date

Time of echoes (UTC)

30-Jan

No echoes

31-Jan

No echoes

Comments on radar echoes

Februay
0730
0830-1100
3-Feb
1430
~1800-2000

16-Feb

No signiﬁcant echoes

1500
~1600
18-Feb
1830
~2000
2200

0100
0300
0400
1550-2030
19-Feb

2210-2400

Weak echoes form W of Al Dhafra and move
quickly eastward.
Low-level weak echo mass forms over Gulf,
becomes more intensive with small areas of
>30 dBZ brieﬂy, then moves onshore into
northern emirates.
Echo mass breaks up an dissipates.
Small weak echoes form over Liwa region.
(NO RADAR DATA 0600-1730)
Weak patchy mid-level echo forms over Gulf
and into NE UAE.
Line of stronger echoes (some >30 dBZ)
forms over Jebel Dhana and moves eastward.
Tops are capped at ~6 km but echoes of 40
dBZ come and go.
Line orients along the coast, showing signs of
a brightband.
Line moves onshore with strongest echoes
over Al Dhafra.
Echo mass becomes weaker but more
extensive, covering most of central UAE.
Echo weakens and breaks up, but is still
extensive. Moves slowly to the southeast.
Occasional cell of ~40 dBZ forms near the SE
UAE border.
Radar data becomes suspect (drastic drop in
reﬂectivity).
Isolated cells show up at south border, S of
Liwa. They move east as new cells develop
in same area.
Weak mid-level echoes develop N of Abu
Dhabi and move E to NE. Occasional
convective cells (~45 dBZ) move through the
northern emirates. Northern cells and southern
cells continue until about 2030, then dissipate
or move out of coverage.
Echoes form over AUH and move east.
Dissipate near Al Haiyir.
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0730
1150
20-Feb
1450-1600
1700-2300

Small convective cells form over Umm al
Qaiwain and move NE onto tip of Masandan
Peninsula.
Continue to re-develop along eastern coast of
UAE and over northeastern mountains, some
into deep convection. They dissipate ~1500.
Isolated echoes form over the desert in SE
UAE and move into Oman.
More echoes form on west side of Liwa
region, move ENE and dissipate just west of
mountains. This cycle continues until 2300.

March
1-Mar

No apparent echoes

1510
2-Mar
~2100

0050
0300
0700
3-Mar

~1140
1400-1640

122

Radar data are suspect – weak echoes may be
ﬁltered out.
Weak low-level echo develops over the
Gulf and southward onshore east of Tarif.
Movement is rapid to the NE.
Next wave of echo, stronger but still shallow,
develops over Gulf N of Jebel Dhana.
Movement is eastward.
Moves onshore between Tarif and Abu Dhabi.
Continues to be widespread, concentrated in
Abu Dhabi region.
Next wave of echoes develop near BuHasa.
Weakens as it moves over Al Dhafra and
NE’ward
Next wave starts over Tarif and moves NE
over the Gulf (but near coastline).
Echo close to shore, dissipates in Dubai area.
Echo mass farther offshore moves east into
northern emirates by 1400.
Next wave starts near Habshan, moves NE
over Al Dhafra and then east into mtns N of
Al Ain. Sporadic, short-lived echoes pop up
over north central to northeastern UAE, but all
dissipate by 1940.
(All echoes were weak, with only occasional
30 dBZ echo.)

0200-0500
0700
1100
1200
9-Mar

1300

~1600
Through 2400

0000-0200

10-Mar
1600
1650
1830

Echoes form N of Liwa region but remain
weak and slow moving.
A line of echoes forms between Habshan
and S to E of Al Dhafra and moves slowly
northward.
Last remains of echo near and west of Al Ain
moves into mtns.
Echoes form S of Liwa and near Jebel Dhana,
with persistence of an earlier line of echoes
over the Gulf (N and NW of Abu Dhabi).
Echo mass along northwestern coast becomes
prominent with some areas >30 dBZ. This
becomes a major outbreak of echoes and rain
as it moves E over Abu Dhabi, the Gulf and S
of Abu Dhabi. System breaks up as it moves
into the mtns and the northern emirates at
1800.
Second wave of echo mass develops over
Habshan and moves over Abu Dhabi area by
1800.
Continued widespread development of echoes
throughout western half of UAE that move
eastward, some >30 dBZ at times.

System has grown deep with convective cells
in widespread echo mass scattered throughout
central UAE.
[RADAR MALFUNCTION 0210-0330]
Echo masses with embedded cells develop all
day long.
Last of the echo mass weakens as it moves E
into mtns.
Convective storms form S in Oman (SE of Al
Ain)
Large cells continue to form in Oman and onto
plains W of mtns. Storms mostly disspate
(cease re-forming) by 0630 on 11- Mar.
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1030-1600
11-Mar
1800-2300

12-Mar

No signiﬁcant echoes

17-Mar

No signiﬁcant echoes

0400-0600
0700 and beyond
1020

1300
18-Mar

1450
1550
1750
2010
2320
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Storms form N of Al Haiyir and in mtns NE of
Al Ain; they continue to cycle in this area N
and around Al Ain.
Large storm advects N into SE radar coverage
(Oman mtns and plains W of mtns). Scattered
cells and echo debris last in the SE

Weak echo patches develop and move into
area N of Jebel Dhana to Zirku Island.
Echoes continue to cycle over northern Gulf.
Cell develops just E of Ruwais and echo
subsequently grows into a major outbreak of
tall convective cells (max >50 dBZ) along the
coast and S to BuHasa.
Cells form roughly in a NW-SE line and move
E to NE over Al Dhafra. Strong cells extend
to the southern border.
Northern half of echo mass weakens
considerably, with only southern cells
maintaining a storm structure.
Main echo mass moves into NE UAE as new
more isolated storms form in central UAE.
New cells form along western UAE and move
E, while central storms continue to develop.
Widespread echo with many embedded cells
covers central UAE with a general movement
NE’ward.
Large echo mass has moved into eastern UAE
and Oman with additional storms forming in
the Liwa region.

0120

19-Mar

0420
1030
1130
1330-1730

0600-0930
22-Mar
1200

0310
24-Mar
0920-1320

Eastern echo mass mainly in Oman and
north (into NE UAE) with weakened echo
from central UAE storms moving toward SE
border.
Last of storms has moved over SE border into
Oman.
Cells form in NE UAE ( Dhaid and then
westward).
Line of cells develops from Jebel Ali to Khor
Fakhan and move southward.
Line breaks up with main cells near Fujaira
and N of Abu Dhabi. More cells develop
along the coast E of Al Dhafra to Tarif. Cells
continue to develop and propagate in the Al
Dhafra region and Hatta area until 1730.

Widespread weak mid-level echo develops
over NE Gulf and moves onshore by 0930.
Weak echo areas develop in mtns S of Hatta
as well as continuing along the NE coast and
mtns.
Echoes appear to be weak and indistinct (not
cellular), but the radar data are questionable
(no Al Dhafra data and Dubai data are
compromised by non-functioning Doppler).

Weak echo forms SE of Ruwais, moves
eastward and spreads to include mid-level
weak echo over the Gulf and onshore.
Echo persists and strengthens along central
UAE coast (Ruwais to NE of Abu Dhabi);
some areas of >30 dBZ but echo weakens
as it moves southward. All mid-level echo
dissipates by 1320.
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25-Mar

No echoes

26-Mar

1000-1300
2300

Brief appearances of weak mid-level echoes
over central UAE.
Mid-level weak echoes develop over western
half of UAE.

27-Mar

0100
0300-0630

Widespread echo moves E into central UAE.
Second wave of echo develops, somewhat
stronger but still <30dBZ. Dissipates as it
moves into SE UAE.

28-Mar

0300-0600; ~0800

A couple waves of weak mid-level echo appear
over central UAE.

~0400-1620 and beyond

Similar to 28-Mar, with more widespread
echo, slightly stronger cores (still <30dBZ)
and more waves. [NO RADAR DATA FROM
1620 TO 0840 ON 30-Mar.]

29-Mar

April

1010
1300-1500
11-Apr
1720
1940
2200
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Weak low to mid-level echo line shows up
along western UAE, moves E but remains
weak.
Cells develop in western UAE, move NNE.
Main area of higher reﬂectivity moves and
expands into northern Gulf.
New N-S line of echo develops in western
UAE, moves mostly E.
Line is in central UAE from southern border
into the Gulf.
Line breaks up somewhat as it moves E, with
echo over SE border by 2200 and small cells
over the Gulf.

0020
0400-0600
0930-1130
1230
12-Apr

1330-1630

1700

2300-0740 (13-Apr)

5.3.4

Gulf cells mostly dissipated.
Weak mid-level echo forms in SE UAE, moves
into Oman by 0600.
Weak short-lived cells develop in Hatta area
over mtns.
Line of cells form S and E of Al Dhafra and
into the eastern fringes of the Liwa region.
Line develops into strong convection from
Asab to E of Al Ain, moves NE’ward.
South end develops dominant storm. Storm
propagates to Al Haiyir by 1630.
Next cycle of storms develop in SW UAE.
Major storms move across central UAE in a
rough N-S line from the southern border to the
Gulf coast.
Echo mass with some embedded cells moves
into mtns and NE UAE, as new echo mass
develops over SW and central UAE. This next
cycle is generally weaker but still has some
embedded cells. Widespread echo weakens
but persists until 0740, 13-Apr.

Summer 2002 Observations

Inspection of Table 5.4 along with Table 5.2 indicates the majority of echoes and storms
during the summer occurred over the Oman Mountains, southeast of Al Ain and northward.
Occasionally a number of echoes formed in the south-central sections of the UAE (the
Liwa region in particular), and storms also extended westward from the mountains into
the coastal areas. Titan tracks of the subset of storms that occurred in the vicinity of the
Oman Mountains form the basis for the storm track characteristics presented in Section
5.3.5b. We concentrated on this region because most summer storms occurred there,
and Titan tracking of cells was difﬁcult to perform elsewhere (specialized analyses were
needed to eliminate contamination by ground clutter).
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Table 5.4. Summary of radar data collected in Summer 2002. (Days when cloud ﬂights were
made).

SUMMER: 15 June – 13 September 2002
Date

Time of echoes (UTC) Comments on radar echoes

15 June

No echoes.

27 June

Several short-lived, isolated cells form, develop,
then die (e.g., “cycle”) from Masaﬁ south along the
Oman mountains to the SE of Al Ain.

0900-1600

0830-1450
28 June
1820

0830-1150
29 June
1430

Isolated cells develop, become more line-like and
widespread along the Oman mountains as far north
as Masaﬁ. Storms are well-developed in the Hatta
to Masaﬁ region.
Last of the anvil debris from the mountain storms
dissipates off the coast at Khor Fakkan.
Similar development to the 28th, although most
intense convection was at the north end of the
mountains (near Masaﬁ). Anvil debris moves
westward rather than eastward as on the 28th.
Anvil echo dissipates.

July
0940
1130-1240
12 July
1230
1720

0950
13 July
1240

16 July
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1100
1250

Cell develops near GIDIS intersection.
Further development of cells north and south of
GIDIS (to north of Hatta and east of Al Ain).
Cells develop farther south into Oman (SE of Al
Ain).
Last of anvil debris from the Oman storms dissipates
south of Al Ain.
First development of a series of weak, short-lived
cells develops 80-100 km SE of Al Ain.
Last of the anvil echo from the Oman cells.
Development of small cells in Oman (same location
as on the 13th).
Last of the echo from weak cells in Oman.

0950-1400
21 July

1400
1620

Line of several cells develop and cycle in Oman
along the mountains (80-100 km SE of Al Ain).
Cells develop between Hatta and GIDIS, then
develop more to the south.
Last of the anvil debris echo.

22 July

1010-1250

Several Oman cells develop and cycle, some
becoming brieﬂy intense. All dissipate by 1250.

23 July

0950
1400
1400-1510
1510-1630

First of the several Oman cells develops, others
form farther SE.
Last echo of the Oman cells.
Lifecycle of a cell between Hatta and GIDIS.
Lifecycle of a cell about 40 km east of Al Ain.

24 July

0920-1140
1140-1310
1450

Several cells cycle between Hatta and GIDIS.
Large storm develops E of Dubai
Last echo dissipates from the storm area..

30 July
31 July

No echoes develop.
1230-1300
1310-1340

Very weak cell develops N of Al Ain
Another weak cell develops and cycles north of Al
Ain.

August
0910
1000-1330
7 Aug

1340-1410
1620
1010
1050-1400
1210

8 Aug
1440
~1730
9 Aug

1220-1340

Storm develops in Oman (usual SE location).
Cell develops south of GIDIS. Line of isolated cells
develop and move westward, dissipating by 1330.
Cell develops N of Al Haiyir. Weak cells continue
to cycle about 80 km S of Al Ain in Oman.
Last echo from the southern storms.
Storms develop south of and near GIDIS and move
west.
Weak storms in Oman SE of Al Ain cycle quickly.
Storms re-develop off of mountains between Al Ain
and Al Haiyir, extending northward.
Intense echo dissipates as storms moved SW; only
widespread anvil debris left.
Anvil shield dissipates just E of Abu Dhabi.
Small form and cycle in Oman, E and SE of
Al Ain.
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14 Aug

15 Aug

1010-1200
1310
1310-1510
1600

0900
1020
1140
1300
1410
1550
1820

16 Aug

0950-1010
1200
1220
1340
1640

1000
1100
19 Aug

1200
1410-1440

130

Cell forms and cycles twice between Hatta and
Dhaid.
Anvil debris from these cells dissipates.
New cell develops just S of GIDIS, and moves S to
just E of Al Ain.
Anvil debris echo dissipates.
Cells develop in Oman, E of Al Ain.
Cells extend N toward GIDIS.
Cell forms S of Dhaid.
Large storms advect and develop along hills N to
W of Al Haiyir
Only anvil echo left of the large storms. Small cells
have formed a line E of Al Ain.
Only anvil echo debris remains from line. Small
cells develop along SE border of UAE in Oman,
and develop into larger storm.
Storm in SE UAE/Oman dissipates.

Very small weak echo cycles far (>100 km) SE of
Al Ain in Oman.
Weak echoes form E of Al Ain in Oman
Storm forms just NW of Hatta.
Cells break out in a line along the mountains
between Hatta and E of Al Ain, moving S along
mountains.
Echoes have all dissipated.
First echo forms W of Hatta.
Small cells form between Dhaid and S of GIDIS,
and also W of mountains.
Large storm organizes between Al Haiyir and
Dubai, moves W and dissipates by 1350.
Small cell cycles E of Al Ain.

0910
1000
1300
26 Aug

1410
1600
1640

First cell develops E of Al Ain.
Cells form farther N and E of GIDIS, and become a
line running to Hatta then N to Masaﬁ and beyond.
Extensive convective line splits with the southern
end over Al Haiyir and moving S and the northern
storm S of Dhaid, moving W.
Large storms dissipate. Only small storms remain,
in Oman SE of Al Ain.
Oman cells dissipate. Widespread anvil still remains
from earlier storms and extends from S of Dhaid to
Dubai/Jebel Ali region.
Anvil debris has dissipated.

September
1010
1210
2 Sept

1300
1340-1440
1620

1010
1140-1300
1200
4 Sept

1300
1330
1450
1500

0820
0900
7 Sept
1220
~1300

Small cells develop S of GIDIS and E of Al Ain,
move W.
Cells have dissipated with some very small weak
echoes forming SE of Al Ain.
Cells closest to Al Ain dissipate, but larger echoes
far to the SE in Oman develop and advect from E.
Weak mid-level echo develops near Iran, moves S
over the Gulf to W of Jebel Ali.
Storms in Oman move S of Al Ain and dissipate.
Cells form near southern UAE border, W of Umm
Hisin.
Cell cycles NW of Hatta.
More cells form N of Liwa region, near Madinat
Zayid while short-lived cells continue to the S and
SW.
Cells form S of GIDIS to E of Al Ain.
Large storm develops S of Buhasa and propagates
SSW.
Cells near Al Ain dissipate.
Convection in southern UAE dies with anvil lasting
until 1720.
Cell forms in Oman ESE of Al Ain.
Another cell forms to the N, just SE of GIDIS. Cells
continue to cycle along a line over the mountains
toward Hatta.
Only the cells to the SE lasted and are now
dissipating.
All echoes have dissipated.
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First cell forms ESE of Al Ain. Convective cells
continu\e to cycle and intensify mostly in this
region with a few cells developing N (but still SE
of GIDIS).
All cells have dissipated.

0830
8 Sept
1410

Several small cells develop just E of GIDIS and
toward the south. They develop over several cycles
but remain small, with a shift in development to the
south (ESE of Al Ain).
All cells have dissipated.

1140
12 Sept
1510
13 Sept

No echoes develop.

Storm Development in Oman Airspace
Storms over the Oman Mountains, east and southeast of Al Ain in Omani airspace,
consistently developed earlier and more often than over areas in UAE airspace to the
north. Table 5.5 demonstrates this effect using radar data to determine the existence and
initiation time of storms over the Oman Mountains from 15 June to 31 August for both
the 2001 and 2002 summer seasons. During the period covered by the table (78 days),
storms formed over the Oman Mountains on 36 days during 2001 and 33 days during
2002. Storms formed in Omani airspace on 34 of those days, while storms formed in
UAE airspace on only 15 days during 2001. Storms formed on 28 days (slightly less
frequently) in Omani airspace during 2002 and on 19 days (more frequently) in UAE
airspace. There were also ﬁve occasions during 2002 when no convection occurred in
Oman but did occur in the UAE. On many of the days, storms initiated in Omani airspace
40-60 min prior to formation in the UAE.
Table 5.5. Storm initiation time (UTC) in UAE airspace versus Oman airspace from mid-June
through August of 2001 and 2002.

2002 Storms
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2002 Storms

Date

UAE
Airspace

Oman
Airspace

UAE
Airspace

Oman
Airspace

15 Jun

-

-

-

-

16-Jun

-

-

-

-

17-Jun

-

-

-

-

18-Jun

-

-

11:30

10:40

19-Jun

-

-

-

11:40

20-Jun

9:10

8:20

-

-

21-Jun

-

10:10

-

-

22-Jun

-

-

-

-

23-Jun

-

10:50

-

-

24-Jun

-

11:20

-

-

25-Jun

9:10

8:00

-

-

26-Jun

9:40

8:20

-

12:10

27-Jun

11:00

8:50

9:10

9:10

28-Jun

-

9:20

9:50

8:50

29-Jun

11:20

10:10

9:40

10:10

30-Jun

-

9:20

-

-

1-Jul

-

9:50

-

-

2-Jul

-

-

-

-

3-Jul

-

-

-

-

4-Jul

12:10

-

-

-

5-Jul

-

-

-

-

6-Jul

-

12:30

-

-

7-Jul

-

12:40

-

-

8-Jul

-

12:20

-

-

9-Jul

-

11:30

-

-

10-Jul

-

9:20

-

-

11-Jul

-

11:50

-

-

12-Jul

-

12:30

9:40

11:10

13-Jul

-

-

-

10:10

14-Jul

-

9:30

-

12:10

15-Jul

-

9:40

-

10:50

16-Jul

-

-

-

11:30

17-Jul

-

-

-

-

18-Jul

-

9:00

-

12:00

19-Jul

10:10

8:20

-

-

20-Jul

-

11:20

-

-

21-Jul

-

-

-

10:50

22-Jul

-

-

-

10:10

23-Jul

-

-

-

10:10

24-Jul

-

12:30

10:20

-

25-Jul

-

9:01

-

-

26-Jul

11:00

8:30

-

-

27-Jul

8:50

7:40

12:30
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28-Jul

9:00

8:10

9:10

8:50

29-Jul

9:00

8:00

14:00

12:30

30-Jul

-

8:40

-

-

31-Jul

8:10

8:00

-

-

1-Aug

-

-

10:10

2-Aug

-

-

-

-

3-Aug

-

-

-

-

4-Aug

-

-

-

-

5-Aug

-

-

-

-

6-Aug

-

-

11:30

11:30

7-Aug

-

-

10:10

9:20

8-Aug

13:10

-

11:00

10:30

9-Aug

12:00

11:00

-

12:30

10-Aug

-

11:40

-

11:10

11-Aug

11:10

11:10

-

-

12-Aug

-

-

-

-

13-Aug

-

-

-

-

14-Aug

-

-

10:20

-

15-Aug

-

-

11:00

10:00

16-Aug

-

-

12:30

12:30

17-Aug

-

-

-

-

18-Aug

-

-

-

-

19-Aug

-

-

10:40

-

20-Aug

-

-

-

-

21-Aug

-

-

-

-

22-Aug

-

-

-

10:40

23-Aug

-

-

-

-

24-Aug

-

-

-

-

25-Aug

-

-

10:20

9:40

26-Aug

-

-

11:40

11:00

27-Aug

-

-

28-Aug

-

-

-

-

29-Aug

-

-

-

13:00

30-Aug

-

-

-

-

31-Aug

-

-

-

-

Figure 5.7. CAPPI of large storm in Omani airspace on 15 July 2001. Range rings (green) from
the Al Dhafra radar are shown every 20 km; the UAE border (light gray) is shown, as are the cities
of Al Ain and Al Haiyir. The orange markers are airspace identiﬁers. No storms developed in UAE
airspace over the mountains on this day.

5.3.5
5.3.5a

Radar-derived Statistics
Winter Example of a Precipitation Event: 9-10 January 2001

The system that passed through the UAE region on 9-10 January 2001 provided enough
instability to develop convective cells, usually embedded within widespread echoes.
Observations during the aircraft investigations identiﬁed the clouds as mostly stratocumulus
with some cumulus (see Table 5.1). Although the Al Dhafra radar reﬂectivities were not
well calibrated, many cells were sufﬁciently strong to track with Titan. On 9 January,
Titan identiﬁed 181 cells, while on 10 January (the weaker of the two days) 83 cells were
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identiﬁed. The distribution of the Titan cells with time (hour of the day) is shown in
Figure 5.8, while Figure 5.9 shows a series of CAPPI images depicting the nature of the
echoes associated with this system.
Early in the period (Figure 5.9, 2001/01/09 at 00:29), low-level, weak echoes formed and
moved northeast. Occasionally a stronger echo would develop that Titan would identify
as a cell or storm (greater nine cells in Figure 5.8). After a few hours of widespread but
weak echoes, more isolated and stronger cells developed (after about 0800 in Figure 5.9),
mostly over the Gulf and over the Oman mountains. The CAPPI at 13:54 (Figure 5.9)
shows storms in different stages of development that were typical of those that occurred
throughout the day. Between 1800 and 1900, a line of stronger cells developed WNW
of Abu Dhabi, and for the next several hours (through 0400 on 10 January), this cloud
mass with embedded cells dominated the Gulf and northern UAE coastline. Details of
this period are described in Section 5.6.3. As this disturbance weakened and moved
eastward into northeastern UAE, another group of small cells developed over the Gulf
to the northwest but moved primarily southward (Figure 5.9, 2001/01/10 at 03:19). The
development of small cells spread over much of the Gulf near the UAE (see CAPPI at
08:27, Figure 5.8) with southward movement of all the cells. The cyclonic system moved
eastward and weakened, resulting in the dissipation of cells by around 1300 with no
echoes evident after 1700.

Figure 5.8. Time distribution (hour of day-UTC) of Titan cells on 9 January (left) and 10 January
(right) of 2001.

Statistics on the duration of the cells, their speed and direction, and their mean tops

characterize the type and evolution of cells that were associated with this winter system.
Figure 5.10 shows histograms of cell duration (number of 6-min volume scans) on 9
and 10 January. Most cells lasted only two scans or 12 min (the minimum considered
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by TITAN), and nearly all lasted six scans (~36 min) or less. The few outliers (scans
greater than about nine) are a result of cells reforming in the same area or merging with
developing echo areas, rather than a representation of single long-lived cells or storms.

Figure 5.9. Series of four CAPPI’s showing storm progression on 9-10 January 2001. Upper left:
2001/01/09, 00:29. Upper right: 2001/01/09, 13:54. Lower left: 2001/01/10, 03:19. Lower right:
2001/01/10, 08:27. CAPPI’s depict a 350 x 350 km2 area of eastern UAE and the nearby Gulf.
UAE borders and coastline are outlined, and select towns and cities are labeled. (See Section 5.6.3b
for other CAPPI’s of this storm.).
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Figure 5.10. Duration (number of scans) of Titan cells on 9 January (left) and 10 January (right).
One volume scan equals 6 minutes.

Mean cell tops (Figure 5.11) were mostly below 6.5 km, indicating suppressed vertical
development. On the 9th, there is some indication that deeper cells existed (e.g., tops
above 7 km), which usually correlates with stronger cells (more precipitation). Speed and
direction for cells on the 9th and 10th are shown in Figures 5.12 and 5.13 respectively.

Figure 5.11. Mean top (km-MSL) of Titan cells on 9 January (left) and 10 January (right).

The cell speeds are comparable between the two days, generally being less than 7 m
s-1. This is considerably slower than the mean wind in the cloud layer (see sounding in
Figure 5.4), but is common for storm speeds, particularly those that are shallow with
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short lifetimes. The histograms of cell direction reﬂect the progression of the cyclonic
circulation as it passed (west to east) north of the UAE. On the 9th, most cells moved
toward the NE or ENE. Late in the day on the 9th and into the 10th, the cell direction shifted
more toward the east. After about 0400 on the 10th, many cells moved to the south, which
is reﬂected in the secondary peak at 180° in Figure 5.13. This shift was abrupt, partly
due to the movement of the cyclonic center but also due to strengthened mesoscale ﬂows
caused by the passage of the enhanced storm activity. Section 5.6.3 describes this in more
detail.

Figure 5.12. Speed (left) and direction (right) of Titan cells on 9 January.

Figure 5.13. Speed (left) and direction (right) of Titan cells on 10 January.
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The echoes that developed and were tracked by Titan on 9-10 January characterize the
development of the system. Most echoes were relatively weak, but periods existed with
stronger cells and hence precipitation. The system was conﬁned mostly to the Gulf
and coastal regions of eastern UAE, with some cells developing in and near the Oman
Mountains. Titan cell statistics were helpful in quantifying the nature of the cells: shallow
weak cells of short duration that are typical of embedded convection in a system with
capped tops. The speed and especially the direction of the cells reﬂect the development
and movement of the cyclonic system.
5.3.5b

Summer Storm Characteristics Near the Oman Mountains

Storm track characteristics (e.g., radar cells with reﬂectivities greater than 30 dBZ) are
displayed in Figures 5.14 – 5.17 for the summer months of 2001 and 2002. These analyses
provide background information and justiﬁcation for the seeding experiments conducted
in the region in 2003 and 2004. For 2001 (Figure 5.14), the total number of tracks is 501
for the three months, occurring on 47 days. However, those days with only a few tracks
may not be amenable to seeding because of limited opportunities over a short time frame
(e.g., a low likelihood of launching a ﬂight in time to catch any storms). Eliminating those
days with three or less tracks leaves 30 storm days for the 2001 summer season. The total
number of tracks for summer 2002 (Figure 5.15) is 200 for the three months, occurring
on 35 days. This frequency is much less than in 2001, and reﬂects year-to-year variability
as well as potentially different operating characteristics of the Al Dhafra radar between
the two summer seasons.
Out of the 501 tracks in 2001 (Figure 5.16), 36% of them lasted less than 30 minutes (three
volume scans). A more reasonable number of candidate tracks for a seeding experiment
would be about 320 for the 2001 season, if the short-term tracks were eliminated from
consideration. These track durations are similar to the distribution in Mexican storms
(Bruintjes, et al., 2001), with most lasting less than 1.5 hours and very few lasting more
than 3 hours. The short-lived aspect of these storms emphasizes the need for 5-6 minute
radar volume scans for adequate sampling during a seeding experiment. Storm durations
for the 2002 tracks (Figure 5.16) are similar to those in 2001. As shown in Figure 5.17,
there is clearly a diurnal cycle to the convection with the majority of storms initiating
between 09 and 15 UTC. The ﬁgures for 2001 and 2002 summer seasons (Figure 5.17)
show the best hours for operation of a seeding experiment. They also support the need
to restrict operations to daylight hours, which is necessary for visually selecting storms
to be treated.
In summary, storms developed on more than a third of the summer days, although the
number of storm tracks is considerably different between 2001 and 2002. Part of this
difference is likely due to yearly variations, but part may also be due to different radar
operating characteristics. Storm duration and initiation time further deﬁne optimal
operating parameters for potential seeding operations.
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Figure 5.14. Number of storm tracks per
day for June, July and August 2001 for
the area over the Oman Mountains. (The
tracks are derived from Al Dhafra radar
data for the region 90 km to 200 km east
and 125 km south to 90 km north of Al
Dhafra.)
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Figure 5.15. Same as Figure 5.14 except
for storm tracks in June, July and August
2002.
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Figure 5.16. Number of storm tracks in Summer 2001 (left) and 2002 (right) versus duration in 30
minute intervals. Coverage is the same area over the Oman Mountains as Figures 5.14-5.15.
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Figure 5.17. Number of storm tracks versus the hour of the day that they were initiated (UTC, or
GST minus 4 hours) for summers 2001 (left) and 2002 (right).
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5.3.5c

Temporal Distribution of Storm Days in Summer 2003

The number of convective cells within radar coverage from Al Ain was roughly estimated
for each day throughout the summer of 2003. Figure 5.18 provides a frequency histogram
of these “visual” estimates, gathered by one of the project interns, of individual cells or
multicellular convection that had at least 4 pixels (1.5 km x 1.5 km) greater than 30 dBZ
on the Titan display of composite reﬂectivities. The long-term trend is represented by a
sixth-order polynomial ﬁt to the data, and shows a general peak occurring at the end of
July to early August. The short-term activity appears to occur in waves of two to four
days with one to three days of inactivity between outbreaks. Figure 5.18 shows only
the number of cells and not their location, strength, or duration. Hence, while it is a
useful summary of convective activity, it does not necessarily represent cells within the
operational area nor cells that Titan would track (i.e., this distribution is not representative
of candidate storms for treatment). A comparison with a comprehensive climatology of
Titan tracks from this summer season would be useful, but the trend is consistent with a
cursory Titan track analysis in this region.

Figure 5.18. Histograms of estimated number of convective cells each day from 20 June through
30 September 2003 determined by visual examination of the Al Ain radar data.

5.3.5d

Summer Rainfall Distributions: 2003-2004

Reﬂectivity data from the Al Ain radar are used to derive precipitation estimates using
a Marshall Palmer (MP) Z-R relationship (Z – reﬂectivity, R – rainfall rate). This
relationship is the standard against which to measure results with other studies. However,
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the MP relationship was originally established from data collected during stratiform rain
events and therefore is not representative of conditions found in the UAE. Radar-derived
precipitation estimates should therefore be used for comparative purposes only and not as
an accurate depiction of actual rainfall at the ground.

Figure 5.19. 2003 monthly radar-derived
rainfall distributions over the eastern UAE
and Oman mountains for July (upper left),
August (upper right) and September (lower
left). Data are from the Al Ain radar (EDGE
processor); range rings are every 40 km
from the radar. Precipitation color scale is
at the right.

Figure 5.19 shows the rainfall distributions for three summer months in 2003. A change
in the Titan grid parameters on 7 July caused the precipitation accumulation algorithm to
ignore data from 1-6 July, so the July distribution uses data from 7-21 July. Likewise, the
data analysis stopped after the last seeding experiment day, and the September distribution
uses data 1-22 September. Days before 7 July and after 22 September contained very
few storms and do not impact the character of the distributions in Figure 5.19. A few
anomalous features are worth noting and ignoring: the ring of noise at about the 10 km
range and a few areas where ground and AP clutter were not eliminated (e.g., near the
coast west of Al Ain, just south and east of Musaffah).
The summer 2003 rainfall distributions show that August experienced the most rainfall
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with signiﬁcant contributions in July. This is consistent with the rough estimates of storm
occurrences plotted in Figure 5.18. Few storms of signiﬁcance occurred in September.
The distributions from all months show a strong correlation with the elevated terrain
of the Oman mountains. An interesting departure is the feature in July (and less so in
August) of rainfall over the plains north of Al Ain that correlate with storms along the
sea breeze front. Only a few small areas had radar-derived rainfall values in excess of
50 mm. Values twice that amount would be expected from past data and data from 2004.
This is consistent with a reﬂectivity offset of 4-5 dB, as discussed in Section 4.2.5c.

Figure 5.20. 2004 monthly radar-derived
rainfall distributions over the eastern
UAE and Oman mountains for July (upper
left), August (upper right) and September
(lower left). Data are from the Al Ain
radar (NCAR processor); range rings are
every 40 km from the radar. Precipitation
color scale is at the right.

Figure 5.20 shows the rainfall distributions for three summer months in 2004. The data
truncated after 26 September so the September analysis is missing the last four days of
the month. However, these days do not impact the character of the distribution in Figure
5.20. A few anomalous features are worth noting and ignoring: the leakage of partial
test pulses in the August radar volumes (resulting in the partial ring of noise at 130 km)
and some signiﬁcant areas where ground and AP clutter were not eliminated, such as the
linear features extending off the coast near Jebel Ali and the sea clutter evident in the
September distribution.
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The summer 2004 rainfall distributions show that July and September had signiﬁcant
rainfall while August experienced a break in storms and rainfall. This is in contrast to the
patterns from 2003, but is consistent with the break in research and seeding ﬂights shown
in Table 4.9. Like 2003, the predominant factor for the rainfall distribution is the elevated
terrain of the Oman mountains. There is also an indication that the rainfall pattern shifts
slightly westward from July through September on the eastern slopes of the mountains,
suggesting a slight strengthening of the sea breeze ﬂow from the Gulf of Oman through
the summer. Again, as in 2003, there are contributions to the rainfall from storms forming
along the sea breeze front (from the Gulf) on the western plains. However, they have
shifted more to the north to the region south of Dhaid, and also extended westward more
into the desert regions than in 2003. This pattern is more consistent with conditions
experienced in 2001 (see model studies in Section 5.6.4 for example).
5.4

NUMERICAL MODELING STUDIES

This chapter describes two atmospheric modeling systems used throughout this project,
the Pennsylvania State University/NCAR Mesoscale Model (MM5) and the Clark-Hall
research model, and their application during this project. These models have many things
in common. They each integrate time-dependent ﬂuid dynamic equations for air velocity,
thermodynamic temperature, water vapor, and several types of hydrometeors on a threedimensional grid of points, and they each require topography and an initial state of the
atmosphere. At ﬁrst it seems redundant to employ two atmospheric models. However,
there are signiﬁcant differences that arise from their different origins and each was applied
to the study in a different way.
The ﬁrst model, MM5, was designed for operational forecasting of mesoscale- and
synoptic-scale systems (those with features with horizontal scales of 3 km – 100 km). It
contains schemes to parameterize cloud formation boundary layer ﬂuxes, which occur
at smaller spatial scales than can be explicitly simulated and is supported by NCAR as a
community modeling tool. In contrast, the Clark-Hall Model was designed for speciﬁc
research studies (i.e., to study in detail cases in the past, not day-to-day operational
forecasting) in cloud physics, cloud dynamics, cloud entrainment, ﬂow over mountains,
gravity waves, windstorms, clear air turbulence, winter storms, and wildﬁres. It explicitly
treats (rather than parameterizes) smaller-scale processes such as boundary layers and
cloud formation using grid spacing of 10 m – 20 km. This allows us to study these
processes in detail at ﬁne resolution to understand how they work. One drawback of
using the Clark-Hall Model is that usually at computational speeds much slower than
real-time.
The following sections describe how these two models were applied in the UAE. The
MM5 model was provided a daily real-time forecast of weather conditions over the UAE
and the Clark-Hall model was used as a tool to understand, in detail, the mechanisms for
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precipitation formation in speciﬁc case studies.
5.5

MM5 REALTIME FORECAST MODEL

Prior to 2001, only very coarse (50–110 km and greater) resolution general forecast
models were run for the UAE and surrounding region. These global models, such as
the ECMWF, the United Kingdom Meteorological Ofﬁce Bracknell model, and the U.S.
National Center for Environmental Prediction (NCEP) Medium Range Forecast (MRF)
model capture very large, continental-scale meteorological features. A modeling system
with factors of ten greater resolution than the global models was necessary to study cloud
development and local meteorology of the region. There were several speciﬁc reasons:
•

•
•

•
•
•

We believed it was important to use a mesoscale model in the UAE environment
to learn more about the local meteorology, such as sea breezes, mountain effects,
land surface effects, gust fronts, associated cloud and precipitation development,
dust storms, and other mesoscale features that appeared to be important factors
in the local weather.
Understanding the local meteorological factors would lead to a better
understanding of spatial and temporal distribution of clouds and precipitation.
It would aid in our plan to conduct high-resolution (1-2 km) research-level
studies, by providing high-quality mesoscale meteorological data that can be
used to initialize the high-resolution modeling studies (e.g., Clark-Hall model).
Without a mesoscale model, we would have to use global model data from
ECMWF or MRF to initialize the Clark-Hall model, which would then contain
fewer features because of its coarse resolution.
This system would test the mesoscale forecasting capability for a possible future
implementation of a similar systems located in the UAE.
It would provide a means to assess the usefulness of such mesoscale modeling
to forecasters and researchers in the UAE.
It would help understand synoptic and mesoscale features that determine
precipitation patterns.

For these reasons, a daily real-time forecast system using MM5 was established and
operated during the winter and summer ﬁeld programs, from 13 March 2001 until the
present. It has recently been replaced by a Real-Time Four Dimensional Data Assimilation
(RT-FDDA) MM5 forecasting system that will eventually be run in the UAE at the DWRS
ofﬁces. Here we will only summarize the results from the older forecast system.
5.5.1

Description of Mesoscale and the MM5 model

The word “mesoscale” describes meteorological motions that have a temporal and
horizontal spatial scale smaller than continental (“synoptic scale”) systems but are
larger than individual clouds. The horizontal scale ranges from a few to several hundred
kilometers. Time scales range from one to twelve hours. Mesoscale systems can either
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be caused by geography (for example, sea and land breezes, mountain-valley winds, or
effects due to air being forced to ﬂow over terrain features) or by a larger synoptic system
(for example, convective bands, mesoscale convective clusters, circulations within
fronts).
The PSU/NCAR MM5 is a limited-area non-hydrostatic, terrain-following sigma
coordinate model designed to simulate or predict mesoscale or regional-scale atmospheric
circulation (vs. large-scale “synoptic” or global models, or smaller-scale cloud-scale
models), using gridpoints 1-100 km apart (vs. 40-100 km for a global model). Thus, it can
be used to study synoptic monsoons, hurricanes, and cyclones, but also mesoscale fronts,
land-sea breezes, mountain-induced ﬂows, and urban heat islands, for example. It has
been developed at PSU and NCAR as a community mesoscale model and is constantly
being improved by contributions from users at several universities and government
laboratories.
This 5th generation model (MM5) is the latest in a series of models that evolved from a
mesoscale model developed in the 1970’s that was documented by Anthes and Warner
(1978). Since that time it has undergone many changes, including a multiple-nest capability
(to focus in on a region of interest with increased resolution), non-hydrostatic dynamics
(to be able to use the model at a few-kilometer scale and explicitly model the strong
updrafts in convective clouds), multitasking capability on shared- and distributed-memory
machines, a four-dimensional data-assimilation capability, and a wide range of physics
options, some of which will be described below. The complete model documentation,
including the executables, is available on the web at http://www.mmm.ucar.edu/mm5/
mm5-home.html.
The MM5 was implemented on a 14-node Linux PC cluster at NCAR that was purchased
through an agreement with DWRS. The system was conﬁgured to perform 36-hour
forecasts operationally over a region containing the UAE and surrounding areas daily
for a three-month period during the UAE ﬁeld program effort. Graphical output of the
weather forecast, including plots of many meteorological ﬁelds as well as site forecasts
was posted to a designated location on the NCAR/RAP website for viewing (http://www.
ral.ucar.edu/cgi-bin/ugui?range=4deis). These results are also available at the DWRS
website (http://www.dwrs.gov.ae). The model has continued to run continuously since
then and was once again used as a forecasting tool for the two ﬁeld campaigns in 2002. It
has also become a basic tool for the weather forecast ofﬁces in Abu Dhabi and Dubai.
5.5.2

Input Data

Since MM5 is a regional, limited-area model, it requires initial conditions as well as
lateral boundary conditions to run. The initial background state and boundary conditions
at later times are supplied by gridded large-scale (i.e., global) model forecast data that
cover the modeled region for the entire time the model is integrated. Forecast data from
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either the 00Z or 12Z AVN global model has provided the atmospheric conditions as well
as the 1° sea surface temperature (SST) data. The differential temperature between this
sea surface temperature in the Arabian Gulf and the land temperature accounts for the
strength and onset of the daily sea breeze.
5.5.3

Forecast Design

The three nested domains are shown in Figure 5.21 The outer (grid 1), middle (grid
2), and inner (grid 3) domains have grid spacing of 30 km, 10 km, and 3.3 km, and are
composed of (94 x 94), (94 x 91), and (163 x 124) horizontal grid points, respectively.
The nested grids each have 32 vertical levels and are two-way interactive during the
simulation, thus they feed information back and forth between the different levels.

Figure 5.21. Domain of Grid 1 (left
top), Grid 2 (right top), and Grid 3 (left
bottom) for experiment.

Figure 5.22 shows the land use categories, derived from the U.S. Geological Survey 25151

category vegetation classiﬁcation associated with these regions. Of these 25 categories,
three appear in the UAE, in decreasing frequency: (19) barren/sparsely vegetated, (8)
shrubland, and (1) urban. (Only a few gridpoints of this third category appear near Al
Ain, in Domain 3.) Associated with these land use categories are constants related to the
physical properties of the soil/vegetation types, shown in Table 5.6. These characteristics
are used in calculating the effects of the surface on the atmosphere.

Figure 5.22. Land use categories.
Brown represents ‘barren/sparsely
vegetated”, medium green represents
“shrubland”, and light green represents
“urban”.
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Table 5.6. Physical properties for northern hemisphere summer (April 15 - October 15) and winter
(October 15 - April 15) associated with speciﬁc land use categories.

Vegetation ID.

Barren/sparsely
vegetated (19)
Shrubland (8)
Urban (1)

5.5.4

Albedo
(%)

Moisture
availability
(%)

Emissivity
(% at 9 µm)

Roughness
length
(cm)

Thermal
inertia
(Cal cm-2
K-1 s-1/2)
S
W

S

W

S

W

S

W

S

W

25

25

2

5

85

85

10

10

0.02

0.02

22
18

25
18

10
10

20
10

88
88

88
88

10
50

10
50

0.03
0.03

0.04
0.03

Physics Parameter Settings and Modiﬁcations

There are many choices for schemes that parameterize physical processes with varying
levels of complexity. These physical processes include:
• Cumulus parameterization schemes that generalize cumulus cloud formation
when the model is using resolutions of 10 km or greater by treating the mass, heat,
and momentum transport effects of convection when these clouds could not be
resolved individually. The Grell cumulus parameterization has been selected for
the outer and middle domains, which is based on the rate of destabilization and
a simple single-cloud scheme with updraft/downdraft ﬂuxes and compensating
motion determining the heating/moistening proﬁle.
• Planetary boundary layer (PBL) schemes that represent the sensible and latent
heat ﬂuxes from the earth's surface that cannot be resolved explicitly. The MRF
PBL scheme was selected for the forecast conﬁguration.
• Cloud physics schemes that treat condensation, formation of rain and possibly
ice, the interactions of atmospheric particles, and their sedimentation as
precipitation. The Dudhia simple ice scheme was chosen for its computational
efﬁciency. Condensate above the freezing level (0 °C) is assumed to be ice and
below it is assumed to be liquid with immediate melting as it falls through this
level. Although this simpliﬁes microphysical processes, it allows the model to be
run in much less time than the more complex schemes that might be appropriate
at ﬁner grid spacing.
• Radiation schemes that represent atmospheric long-wave and short-wave
radiation interaction with clouds, air, and the earth's surface. The cloud radiation
scheme was selected for this application. It is sophisticated enough to account
for long wave and short wave radiation interactions with cloud and clear air.
• Ground temperature schemes that represent the changing surface soil temperature
and perhaps moisture conditions in response to atmospheric radiation. A ﬁvelayer soil model was chosen. This model predicts the soil temperature in 1, 2,
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4, 8, and 16-inch deep layers with a ﬁxed substrate below based on the vertical
diffusion of heat. It resolves the diurnal temperature variation in the soil, and,
along with the soil moisture, accounts for the rapidness of diurnal temperature
variability near the surface.
5.5.5

Process

Daily scripts drive processes that fetch the AVN gridded forecast atmospheric data for
the 12Z simulation performed at NCEP (we started using a 00Z forecast but switched to
12Z during the Summer 2001), the sea surface temperature, and WMO GTS soundings,
and brings them to the forecast cluster at NCAR. These data were integrated for the “best
guess” of the state of the atmosphere at the time of model initialization, and interpolated
onto the MM5 model grid. Then, a 36-hour forecast is run with the MM5 model.
Graphics to analyze the forecast were generated for every 3 hourly period, and transferred
to the NCAR/RAP web site for the UAE project. The forecast products were 3 hourly
plots of:
• Surface (temperature (T)/wind, pressure/wind, water vapor mixing ratio,
equivalent potential temperature, planetary boundary layer depth, 3 hourly
precipitation, and total precipitation)
• Upper Air (850 mb, 750 mb, 500 mb - geopotential height (H)/T/wind and
relative humidity/wind, 500 and 300 mb - H/vorticity)
• Surface Fluxes of heat and moisture, and soil temperatures
• Soundings at selected locations (AUH, DXB, ALN),
As well as site forecasts of surface conditions at 65 sites in and near the UAE. These
forecasts are given as hourly data in a text table format.
5.5.6

Assessment Criteria

A veriﬁcation strategy was applied to the 2002 summer forecast period. This strategy
included comparing MM5 site forecasts of temperature, dewpoint, wind direction and
speed with available sites for Abu Dhabi International Airport, Dubai International
Airport, and Al Ain International Airport. Also included were comparisons of upper air
forecasts with the Abu Dhabi sounding and an investigation of the onset time and strength
of the sea breeze predicted by the model.
There are several different statistical methods that could be used for a preliminary
assessment of model data. These include bias, root mean square difference (or error – also
known as RMSD), and correlation coefﬁcients. The bias was selected for this validation
exercise. It measures the tendency of the model to over-forecast or under-forecast a
meteorological parameter. For example, if the model has a positive temperature bias, on
average the forecast temperature exceeds the observed temperature. Bias is a calculated
using Equation 5.1:
154

(Forecast - Observed)

(5.1)

Table 5.7 lists the values for “good”, “fair”, and “poor” forecasts based on temperature,
wind speed and direction, and relative humidity biases. Criteria were determined from
personal communication with Rife (2001) and from other sources stated below.
Table 5.7. Summary of preliminary assessment criteria for prototype UAE MM5 model.

Bias

Temp

WS

WD

RH

Good
Fair
Poor

< +2
< +4
> +6

< +2
< +4
> +6

< +45
< +90
> +90

< +13
< +20
> +25

°C

m/s

deg

%

A forecaster from Abu Dhabi International suggested that the most critical parameter
in the forecasting of temperature was the onset timing of the sea breeze, with speed
and direction of the sea breeze also being important. The forecaster suggested that the
prototype MM5 model was most useful when it accurately predicted onset time within
one hour of the observed onset. This assessment is used as criteria for sea breeze onset
time.
5.5.7

Data Set Description

Table 5.8 shows the dates and variables provided by Abu Dhabi International Airport and
Dubai International Airport. Abu Dhabi provided validation data of daily values of wind
speed and direction, sea breeze onset and strength, maximum and minimum temperatures,
maximum and minimum RH, clouds, and precipitation for both Abu Dhabi and Al Ain
on 41 days. Upper level winds and temperatures at 12 and 24 hrs, freezing levels, and
lifting condensation levels were also provided for Abu Dhabi on 38 days. Dubai provided
hourly values of temperature, dewpoint, wind speed and direction on 23 days. Al Dhafra
Air Force Base (not listed in the Table) provided daily values of maximum and minimum
temperatures, and u and v components of wind including mean error, absolute mean error,
and root mean square error for the ﬁrst ten days of June 2001.
Table 5.8. Summary of assessment data provided by forecast ofﬁces, including days when upper
air (UPA) forecasts were provided.
Date
(2001)
13 May
18 May
20 May
23 May

Sfc
X
X
X
X

Abu Dhabi
12 hr UPA
X
X
X
X

24 hr UPA

Al Ain
Sfc
X
X
X
X

Dubai
Sfc
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24 May
26 May
27 May
28 May
29 May
30 May
1 Jun
2 Jun
3 Jun
4 Jun
5 Jun
6 Jun
7 Jun
8 Jun
9 Jun
10 Jun
11 Jun
12 Jun
13 Jun
15 Jun
17 Jun
19 Jun
23 Jun
25 Jun
26 Jun
27 Jun
28 Jun
29 Jun
30 Jun
1 Jul
3 Jul
4 Jul
5 Jul
7 Jul
8 Jul
9 Jul
10 Jul
11 Jul
12 Jul
13 Jul
17 Jul
19 Jul
20 Jul
31 Jul
3 Aug
4 Aug
6 Aug
8 Aug
Total
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X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X
X

X

X

X

X

X
X
X

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X

X

X

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X
X
X
X
X

X
X

X
X

X
X

X
X

41

41

38

41

X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X

X

X
X
X
X
23

5.5.8
5.5.8a

Results
Surface Forecasts

Abu Dhabi
The parameters provided by the Abu Dhabi International Airport (AUH) forecasters
for the city of Abu Dhabi include daily maxima and minima for temperature and
relative humidity (RH), maximum wind speed and direction, onset of sea breeze (SB),
precipitation, cloud cover for the surface. Upper atmosphere parameters obtained from
the Abu Dhabi sounding at 00 UTC and 12 UTC were also provided. These included
temperature and wind speed at 850 mb, 700 mb, 500 mb, and 300 mb. Freezing Level
and Lifted Condensation Level were also included for the 00 and 12 UTC soundings (12
and 24 hour forecasts).
Figure 5.23 shows the template for the ﬁgures of surface variables provided in this report.
The “good” criteria of 2o C and 2 m s-1 for temperature and wind speed are indicated in
thick gray lines. Also, the “good” criteria for wind direction may be read off the right
axis and is indicated with thick purple dashed lines. These lines can be used as a rough
guideline of the “good” criteria for relative humidity when the left axis is used.

Figure 5.23. Template for plots of surface temperature, relative humidity (left axis), wind direction
and speed bias (right axis). Solid gray lines indicate “good” criteria for temperature and wind
speed. Dashed purple lines indicate “good” criteria for relative humidity and wind direction.
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A comparison of MM5 bias calculations for the surface parameters of temperature,
relative humidity, and wind speed and direction are provided in Figure 5.24. The mean
biases for each variable are averaged over a week to two-week period are also shown in
Figure 5.24. The period varies between a one to two weeks to assure there are at least
three values in any given average. This variability is due to the sporadic nature of the
assessment reports from AUH.

Figure 5.24. Weekly/Bi-weekly averages of prototype MM5 surface variable biases for
Abu Dhabi.
With the exception of one or two points, maximum and minimum temperature and wind
speed lie within +2. This suggests that, on average, the prototype MM5 model forecasts of
these variables were good for the city of Abu Dhabi. Likewise, wind direction falls well
within the +45° criteria and both maximum and minimum relative humidity are between
+13%. The minimum RH bias is positive, which means the model is predicting higher (or
moister) values of RH than are observed. The bias line is close to the upper bound of the
“good” criteria, suggesting only a “fair” amount of skill in the MM5 forecast of minimum
RH. The maximum RH bias tends to be negative and therefore drier than observed. It is
closer to the zero bias line for the ﬁrst half of the assessment period and then dips toward
the upper limit of the “good” criteria. For this reason, the MM5 skill in forecasting
maximum relative humidity may be assessed as “fair to good”.
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The values provided in Figure 5.24 are weekly or bi-weekly averages. Figure 5.25 shows
the daily values of maximum temperature that made up these averages. Figure 5.25 also
provides a comparison of the forecast biases for AUH (in blue) and Dubai (DBX, in red).
This high frequency data indicate there is a high degree of variability (2 to 4o C) in the
data.

Figure 5.25. Intercomparison of daily maximum temperature forecast biases for Abu Dhabi (blue)
and Dubai (red). Dates for Dubai forecasts are on bottom axis. Dates for Abu Dhabi forecasts are
on top axis.

The variability in day-to-day forecast biases as well as the differences between Abu Dhabi
and Dubai forecasts from the prototype MM5 model suggests that more model development
may be necessary to ﬁne tune the forecasts. It also implies that mesoscale features on
scales smaller than the highest resolution domain (3.3 km) may be important.
Interaction between a very moist environment (the Arabian Gulf) and a dry environment
(the desert) provides one of the most extreme cases for numerical models and an interesting
challenge. One critical area in modeling is the initialization data set. Including surface
observations from the automatic weather stations and soil moisture stations may eliminate
voids in surface and soil data. The inclusion of surface observations from the automatic
stations and other multi-scale data sets can be called four-dimensional data assimilation
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(4DDA). Seaman et al. (1995) shows that the 4DDA approach in conjunction with the
MM5 produced highly reliable simulations of the wind, temperature, mixed-layer depth,
and moisture for the San Joaquin Valley in the United States. The San Joaquin valley
shares some similar terrain features as the UAE including a land/sea interface and inland
mountains. The use of 4DDA should decrease variability in surface forecasts.
Dubai
The parameters provided by the Dubai International Airport (DBX) forecasters for the
city of Dubai include hourly values of temperature, dewpoint, relative humidity, wind
speed and direction. Daily maximums and minimums of these variables were calculated
from these data. Figure 5.25 indicates that the AUH maximum temperature bias is slightly
cold and the DBX bias is much colder. Figure 5.26 compares AUH and DBX minimum
temperature bias. Both sites show a warm bias with similar variability in the data through
early July. After early July, a lack of overlapping days in the assessment data between
AUH and DBX (see Table 5.8) makes comparison of the variability impossible. Figure
5.27 shows that both sites have a dry bias in maximum relative humidity.

Figure 5.26. Intercomparison of daily minimum temperature forecast biases for Abu Dhabi (blue)
and Dubai (red).

Figure 5.27 indicates that DBX has a greater moist bias in minimum relative humidity
than Abu Dhabi and exceeds the “good” criteria regularly. Relative humidity is a factor
of both by dry-bulb temperature and moisture. It was discovered early in the assessment
period that low-level moisture was not being represented correctly in the prototype MM5
model. This could be because the very shallow moist layer characteristic of the UAE
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was not resolved in the coarse, large-scale initialization data. The speciﬁcation of soil
moisture availability in the land characterization could also be the source of the problem.
Chang et al. (2000) veriﬁed that soil moisture coupling in the MM5 affects the diurnal
cycle in Kansas. They show that soil moisture conditions and wind speeds affect the
partitioning of surface moisture and heat ﬂuxes and thus moisture and temperature in the
atmosphere. Finally, the problem could also be the in the representation of evaporation
from the sea-surface in the mesoscale model itself.

Figure 5.27. Intercomparison of daily maximum relative humidity forecast biases for Abu Dhabi
(blue) and Dubai (red).
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Figure 5.28. Intercomparison of daily minimum relative humidity forecast biases for Abu Dhabi
(blue) and Dubai (red).

Figure 5.29 shows the trend in forecast bias when averaged over three-hour intervals for
all 23 assessment days provided by DBX. On average, wind speed bias remains fairly
constant throughout the day. Temperature bias stays within “good” criteria and tends
towards zero between 06 and 08 UTC. Dewpoint bias peaks at 4o C at the same time
and then slowly decreases back to 1° C. The relative humidity bias is driven by both
temperature and dewpoint biases, and swings from -5% to +6% during this same period.
A shift in wind direction bias from 6° between 00 and 02 UTC to –8° between 06 and 08
UTC may be driven by the onset of the sea breeze during this time period. It may also
explain the changes in temperature, dewpoint and relative humidity.
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Figure 5.29. Surface forecast biases for Dubai averaged in 3-hour time periods. Criteria lines are
included on plot.

Figure 5.30 provides scatter plots of forecasted surface temperature, dewpoint temperature,
and relative humidity versus observed values. Figures 5.30a, c, and e show the data
stratiﬁed into the three-hour intervals provided in Figure 5.29. These plots indicate that
the forecast biases do have a tendency to clump together during time periods. Figures
5.30b, d, and f show the scatter of the MM5 forecast biases for the 0-2 UTC (night) and
12-14 UTC (day) time periods. A one-to-one line is also included in all plots. Biases to
the left of the line indicate that the forecasted value was greater than the observed. Biases
to the right of the line indicate the opposite.
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Figure 5.30. Scatter plots of 3-hour mean biases for Dubai surface temperature (a), dewpoint
temperature (c), and relative humidity (e). A subset of the data for night (orange: 0-2 UTC) and day
(blue: 12-14 UTC) are provided in (b), (d), and (f).

Figure 5.30b shows the temperature is biased warmer during the evening and cooler
during the day. This is consistent with the warm bias in minimum temperature and cooler
bias in maximum temperature shown in Figures 5.25 and 5.26. Figures 5.30d and f show
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a large scatter about the one-to-one line in both night and day forecasts. The spread is
parallel to the observed values indicating the inability of the MM5 to effectively capture
the amplitude of the diurnal variability in moisture.
Al Ain
The parameters provided by the Abu Dhabi International Airport forecasters for the city
of Al Ain (ALN) include the same surface variables as those for AUH. ALN is not an
upper air station and thus had no observed sounding with which to compare upper air
variables. Figure 5.31 shows that in maximum temperature forecast bias is within +2° C
for all weeks but two, and that wind direction and speed also fall within the criteria range
for “good” forecasts. The wind direction exhibits a positive (easterly) bias for Al Ain.

Figure 5.31. Weekly/Bi-weekly averages of prototype MM5 surface variable biases for Al Ain.

Both maximum and minimum relative humidity biases show a tendency toward a moist
bias (in the “good” to “fair” range) through mid-June and then a tendency towards zero
to dry bias later in the summer.
5.5.8b

Upper Air

Assessment data for upper air forecast variables were provided by Abu Dhabi International
Airport forecasters on 38 of the 41 days. Temperatures, wind speed and direction at
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850, 700, 500, and 250 mb from the AUH sounding were provided for assessment of the
prototype MM5 upper air forecasts. The observed and forecasted freezing levels from the
soundings were also provided.
Figure 5.32 shows the upper air temperature and freezing level forecast biases at the
12 hour forecast period (00 UTC valid time). All temperature biases fall within the +2o
C “good” forecast criteria. Freezing level is plotted on the right axis in millibars. The
scale is expanded in a ratio of 10:1 to allow for plotting the same “good” criteria lines.
Freezing level biases for the 12 hour forecast period ﬁt within the “good” criteria. None
of the 12 hour forecast bias calculations shows a positive or negative bias.

Figure 5.32. Upper air temperature and freezing level forecast biases for the 12-hour (00 UTC valid
time) forecast.

Figure 5.33 is a similar plot for the 24 hour forecast period (12 UTC valid time).
Temperature forecast biases still fall within the “good” criteria but show more spread.
However, the 850 and 250 mb biases tend to be negative or cool. The 700 mb temperature
forecast biases tended toward negative during the second half of the assessment period. In
contrast, the 500 mb forecast bias tended toward positive during the second half. Freezing
level biases for the 24 hour forecast bias spread from negative “fair” to positive “fair”
during the assessment period.
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Figure 5.33. Upper air temperature and freezing level forecast biases for the 24-hour (12 UTC valid
time) forecast.

Table 5.9 provides a comparison of mean MM5 upper air bias values from the UAE and
the southwestern region of the United States. The comparison indicates that forecasted
temperatures and wind speeds for Abu Dhabi have similar or smaller biases than those
over a similar region in the U.S. It is encouraging that the prototype MM5 upper air
forecasts have similar biases to models in the U.S.
Table 5.9. Comparison of mean bias of MM5 upper air forecasts of temperature and wind speed
for Abu Dhabi during Summer 2001 and for desert southwest of USA during fall 1997 (White et
al., 1999).

Abu Dhabi

US Desert SW

Forecast Type

12 hr

24 hr

12 hr

24 hr

700 mb Temp

-0.57

-0.62

0.68

0.39

500 mb Temp

-0.30

0.91

-0.15

-0.53

300 mb Temp

-0.47

-0.45

-0.55

-1.23

700 mb Wind Speed

-0.54

0.27

1.72

1.51

500 mb Wind Speed

-2.2

-1.28

1.70

1.21

300 mb Wind Speed

-1.51

1.56

1.55

2.03
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There are several factors that may explain these assessment results. White, et al. (1999)
pointed out that slight temporal and spatial phase errors can produce large veriﬁcation
errors when classical veriﬁcation criteria, like bias, are used. Also, error growth from
boundary conditions may inﬂuence assessment results. This suggests subjective experience
of forecasters should be used when interpreting model output.
5.5.8c

Sea Breeze

A dominant mesoscale feature in the UAE is the land-sea interaction. Surface heating
during the day creates a low-density, hence low-pressure, area over the interior regions
of the UAE. Air motion from the relatively higher pressure (cooler, denser air) over the
water to the thermal low pressure over the land sets up a feature called a “sea breeze”. In
contrast, when the sun goes down, the land cools faster than the water, creating a pocket
of cooler, denser air over the land. This sets up a circulation that has air ﬂowing from land
out to sea and is called a “land breeze”. The timing of the onset of the sea breeze is crucial
to forecasting maximum temperature and dewpoint temperature. Also, the interaction of
the sea breeze with the land breeze and other local circulations can generate convection
with potentially seedable clouds. Figure 5.34 provides assessment criteria for the onset of
the sea breeze for Abu Dhabi.

Figure 5.34. Time series of forecast bias for variables characterizing the onset of sea breeze in Abu
Dhabi. Onset time and speed can be read off left axis and direction off the right axis. Zero line for
direction shifted down.
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Forecasters from the airport suggested that the most crucial variable for forecasting
temperature and dewpoint was the time of sea breeze onset. The speed and direction of
the sea breeze are also important but to a lesser degree. The ±1 hour bias criterion and
±45 degree wind direction criteria are marked Figure 5.34. The zero degree bias for wind
direction line is shifted down to allow for an easier-to-read representation of the data.
Figure 5.34 indicates that the MM5 does “good to fair” in forecasting sea breeze onset.
Approximately one third of the bias points fall outside the 1 hour “good” criteria, and in
general, the timing of the model forecasts is biased towards being too early.
The wind direction and speed biases shown in Figure 5.34 both vary a great deal. Wind
direction stays within the “good” criteria but speed varies from “good to poor”. Wind
direction tends toward being westerly during the ﬁrst half of the assessment period
(negative) and then more easterly (positive) during the second half. Sea breeze speed is
biased toward being too slow.
A scatter plot of MM5 sea breeze onset time bias versus observed onset time is shown
in Figure 5.35 and indicates a negatively sloped linear correlation between the two
variables. The negative slope conﬁrms the tendency of the model to predict sea breeze
onset too early. It also suggests that there is a wider spread of observed onset times than
is forecasted by the model. For example, the observed onset times vary from 04 UTC to
12 UTC while the forecasted onset times generally vary from 06 to 08 UTC.

Figure 5.35. Scatter plot of MM5 forecasted sea breeze onset time bias versus observed sea breeze
onset time for Abu Dhabi.
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As stated before, surface heating is the driving force for sea breeze circulations. A potential
reason for the lack of forecast skill for sea breeze onset may be the prototype model’s
difﬁculty predicting low-level moisture and thus soil (or land) temperature.
The fair to poor performance of the prototype MM5 model on forecasting the onset of sea
breeze for a coastal city suggests that the forecast of similar mesoscale features further
inland will also be marginal. Figure 5.36 afﬁrms this suggestion by depicting the larger
spread in bias calculations for the “implied” sea breeze onset at Al Ain. It is assumed
that the onset at Al Ain is denoted by a signiﬁcant wind shift. The actual cause of this
wind shift is indeterminate due to Al Ain’s location inland from the Arabian Gulf and at
the edge of mountains. Local circulations from the mountains could also cause prominent
wind shifts.

Figure 5.36. Scatter plot of MM5 forecasted sea breeze onset time bias versus observed sea breeze
onset time for Al Ain.

5.5.9
5.5.9a

Discussion
Model Issues

The model has run for nearly two years, allowing for glimpse of its skill during winter,
summer, and transition periods. Synoptic disturbances in the general winter ﬂow sometimes
bring widespread, light rain to the UAE region. Summer conditions were typically hot
and dry, sometimes resulting in convective showers over and west of the Oman, also
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called Hajar, Mountains. Some modeling components have been strongly challenged,
such as surface temperatures approaching 50o C and changes were incorporated to beneﬁt
future users of the model. As expected, the sea breeze is a dominant factor in determining
the conditions along the coast, with occasional convergence (interaction with the land
breeze) leading to convection along the boundary.
Some speciﬁc issues arose during the model assessment period. In the MM5 model,
the land use categories are associated with speciﬁc settings for physical parameters
characteristic of those general land use types. These have a strong impact on the diurnal
variability of the near surface layers, including the amplitude of the diurnal oscillation in
temperature. For example, unrealistically high moisture availability was known to dampen
the daily temperature range. By decreasing the speciﬁc moisture availability from 5% for
the desert regions (characterized as “sparsely vegetated”) to 2%, a value we believe more
characteristic for this region, the diurnal temperature variability became more accurate.
A byproduct of this change was that the soil temperatures change more rapidly and can
violate the numerical stability criteria in the soil model. This causes the forecast to fail
during the hottest days of the summer. This was corrected by reducing the time step in
the soil diffusion scheme to values at the extreme (never before needed), to account for
the hot soil temperatures of the UAE. In addition, the time step of the entire modeling
system needs to be reduced from 90 seconds to 60 seconds during the months of August
and September causing the model to run slower and the forecast to be released later.
Another issue was the frequent prediction in winter months of a trace of “rain” along
the coastlines when fog was actually observed. This was a consequence of the model’s
limited methods to treat just-saturated conditions, fog, as slightly supersaturated (relative
humidities of 101%), which leads to condensation and rain. This issue can be remedied
through interpretation of other plots, such as the forecasted sounding at the coastal cities,
by the forecaster. In these cases, the soundings would show that there was no support for
upper level clouds, and would reveal this near-surface saturated condition.
Another issue of interpretation arose in the forecast of thunderstorm activity. With the
ﬁnest domain in these simulations at grid spacings of 3.3 km, individual convective
elements are not always resolved. In these circumstances, a cloudy grid cell is indicated
by a (grid-averaged) relative humidity of approximately 80% or more. Thus, one could
not look for locations of 100% relative humidity to identify cloudy regions. Downdrafts
from convective clouds appeared as cool areas of divergence in the surface plot, indicating
precipitating clouds, although this precipitation would often evaporate and not reach the
surface to appear in the precipitation accumulation.
Some computer-related issues led to occasional interruptions including: hardware
failures, computer nodes occasionally failing and need to be ﬁxed or replaced, problems
with retrieval of initialization data, and our initial source of SST became unreliable and
was changed. Occasionally, the source of the AVN data was inaccessible. Although the
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forecast can go on without some of the initialization data, this AVN data is the crucial
parameter for model start-up. Finally, model instabilities (soil and atmospheric stability
criteria, as described above), network problems, and occasionally nodes synchronization
problems would stop the model in the middle of the run.
5.5.9b

Forecaster Comments

24 May 2001 – “The model showed the formation of low-level stratus very well. Although
the timing for Abu Dhabi was a bit late, for Al Ain it was spot on.”
30 May 2001 – “ Upper air comparisons look good. Max winds and temps still underread.”
4 July 2001 – “The Northwesterly Shamal of the 4th of July was not predicted at all by
the model, although other models were indicating a strengthening of the gradient.
Subsequently, the low visibilities with wind speeds up to 24-25 knots over the Abu
Dhabi area were completely missed by the model.”
5 July 2001 – “The cloud amount for Abu Dhabi and Al Ain was a bit overestimated
although a rather moist layer (percentages around 80-85%) was present between
18,000 ft and 25,000 ft on the 12.00 ascent. The humidity ﬁeld of the model captured
this very well while also the positioning of highest percentages coincided nicely with
the clouds present over the UAE. Namely in the area of Al Hiyar (SO4), Al Faqa
(SO5), Al Shiweb (S12), and Dhuha (S29).”
12 July 2001 – “The Ac-ﬁelds, remnants from the monsoon, were clearly indicated by the
model. However, as soon as the AC reached the eastern shores of UAE, they quickly
dissipated. The onset of the sea breeze over Al Ain area was predicted far too late,
hence the lower maximum temperature reported.”
13 July 2001 – “The cloud cover was deﬁnitely over-estimated. Only few to sct clouds
were reported in both Al Ain and Abu Dhabi.”
4 Aug 2001 – “ Please note that the MM5 model did forecast the thundery cells to develop
over the country. All other models available in Abu Dhabi airport did not forecast
any of the events. The thundery development did not start over the Oman mountains,
as it does normally, but the cells developed just south of Dubai and stretched along
a line from Jebel Ali towards Al Ain… The model predicted the high wind speeds,
short-lived gusts are impossible to be forecasted by a model, even with 3.3 km grid.
The model predicted the events quite well. The forecaster on duty in Abu Dhabi and
Dubai issued warnings on time.”
5.5.10

Recommendations

Based on the feedback from the users of the model in the UAE and our own assessment, it is
important that the following issues be addressed in any future modeling work in the UAE.
• Because of the characteristics of natural weather phenomena, such as the landsea breeze interactions in the UAE, better initialization data are necessary to
more accurately capture and resolve these phenomena. The UAE has a network
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•

•

5.6
5.6.1

of automatic weather stations that could be very valuable for this purpose. Other
data sources could also be included and a four-dimensional data assimilation
system should substantially enhance the performance of the model, as has been
indicated in other regions of the world.
Better sea surface temperature (SST) data for initialization of the model,
especially over the Arabian Gulf, should be obtained. These have a signiﬁcant
impact on the latent heat ﬂuxes (water vapor) and the sea breeze strength,
and thus, particularly in summer precipitation, on the timing and location of
convective precipitation.
The soil moisture and temperature parameterization and associated physical
parameterizations will also have to be improved to better represent sensible and
latent heat ﬂuxes over land. Additional surface ﬂux measurements would be
helpful.
CLARK-HALL RESEARCH MODEL
Introduction

The following case studies have been used to clarify the dynamic factors and precipitation
formation mechanisms involved in clouds in the UAE. We have selected three cases, 10
January 2001, 31 July 2001 and 23 July 2003 for detailed study. The ﬁrst is an example
of the synoptic event characteristic of days that bring rain to the UAE as part of a passing
synoptic system, and the second explores the ﬂow interactions that complicate summer
precipitation forecasting.
5.6.2

Model Description

The three-dimensional, non-hydrostatic anelastic meteorological model described by
Clark (1977), Clark and Hall (1991), and Clark et al. (1996), exploits features such as
two-way interactive grid nesting and vertically-stretched terrain-following coordinates.
The model uses a bulk parameterization for both the liquid and ice phase. The liquid
phase is parameterized according to a modiﬁed version of the Kessler (1969) scheme,
with Simpson and Wiggert’s (1969) autoconversion formula. In this scheme, liquid water
exists as cloudwater and rainwater. The ice phase parameterization uses the Koenig and
Murray (1976) ice microphysical scheme. The Koenig-Murray formulation treats two
types of ice particles: pristine ice (Ice A) - ice crystals initially formed by heterogeneous
nucleation or ice splinter processes due to riming, and ice particles (Ice B) – also called
graupel and initially formed by the freezing of raindrops or the interaction of Ice A
particles with raindrops. This ice scheme is described, in detail, by Bruintjes et al. (1994).
In summary, the model carries microphysical variables of water vapor, cloud water mixing
ratio, rain water mixing ratio, and number concentration and mixing ratio for two types
of ice particles.
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5.6.3
5.6.3a

Case I: 10 January 2001 (Winter Case)
Meteorological Conditions

The environment on January 9-10, 2001 was described earlier in this report in Section
5.3.5a. This case was characteristic of the synoptic systems that pass through the region
during the winter, the frequency varying from year to year, and sometimes bringing rain
to the UAE. In the region ahead of the synoptic disturbance, scattered low level cumulus
clouds were observed. Warm, moist air rose and moved to the northeast as it was drawn
into the cyclonic system approaching the UAE from the northwest late on 9 January. The
system itself arrived in a sequence of wave disturbances. These disturbances appeared as
a sequence of bands of convective elements within a larger ascending cloudy region.
Radar images from the period 21 Z on 9 January to 01 Z on 10 January are shown in
Figure 5.37. They reveal stronger reﬂectivity regions indicative of larger precipitation
particles within lower reﬂectivity clouds at about 19 Z. These regions are oriented southnorth and represent one of several waves arriving at the UAE coast. For the period 0-1 Z
on the 10 January, this feature moved east, orienting more southwesterly-northeasterly,
with the southern portion brushing land. The system brieﬂy passed over land, leaving
light rain in some coastal cities, primarily in the northeast UAE.
Over the period 2 Z -3 Z, the band moved more inland and became oriented increasingly
southwesterly-northeasterly, producing light precipitation from cells within a stratiform
region. This disturbance weakened as it passed east over the Oman Mountains. As this
feature moved east and south, the convective cells dissipated, leaving a stratiform cloud
deck over the mountains in the northernmost UAE.
5.6.3b

Initialization of Clark-Hall Model with MM5 forecast

An MM5 forecast (similar to the ones being performed daily) started on 8 January at
12 Z and run for 48 hours was used to initialize the background environment for the
Clark-Hall model (also referred to as C-H) and provide updated boundary condition
data at later times. The Clark-Hall model was initialized and the boundary conditions
updated with one-hourly MM5 forecast data. The initialization procedure was performed
by interpolating horizontally and vertically the MM5 ﬁelds of velocity components,
temperature, water vapor mixing ratio, cloud water mixing ratio, and geopotential height
provided along pressure surfaces onto the Clark-Hall terrain-following coordinate system.
The MM5 data was extrapolated from 100 mb to the top of the C-H domain assuming a
constant atmospheric static stability (a Brunt-Vaisala frequency of 0.02 sec-1) and constant
winds. These three-dimensional ﬁelds from 2100 Z on 9 January established the model’s
background state, while later time periods were used to update the lateral boundary ﬂuxes
of the outermost C-H domain and thereby introduce the changing large-scale conditions.
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Figure 5.38 shows the features associated with this MM5 simulation. Plots of relative
humidity show very moist low-level air associated with the disturbance approaching the
very dry air over land. Precipitation plots show bands of convection wrapping into the
disturbance center. These convective elements cannot possibly be resolved with 10 km
grid spacing (or even the 3.3 km nested domain of the MM5 simulations). For this reason,
detailed simulations examining these clouds were carried out with the Clark-Hall model.

Figure 5.37. Radar CAPPI (constant altitude plan-position indicator) images from the period 9-10
January 2001.

As discussed in section 5.5.8, the forecasting skill of the MM5 was moderate to good.
While forecasts of temperatures were generally within 2oC of the observed, the timing of
the onset of sea breeze conditions was generally off by an hour or two. The MM5 forecasts
also over predicted the amount of rainfall to occur from any given precipitation event.
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Because the timing of the MM5 forecast was off, an inaccuracy will be introduced into
the Clark-Hall model simulations as well. However, these simulations are still useful to
examine the microphysical processes involved in producing rain in this synoptic system.

Figure 5.38. Forecast from MM5 simulation used to initialize the ﬁne-scale model. Top row left
to right (a-c): Surface pressure and winds, precipitation in the past 3 hours, and relative humidity at
2100 Z on Jan 9th. Middle row left to right (d-f): Same ﬁelds at 0 Z on Jan 10th. Bottom row left
to right (g-i): Same ﬁelds at 3 Z on Jan 10th.

5.6.3c

Numerical Experiment Design

In this experiment, cloud droplet concentration was set to 200 cm-3 with a droplet
dispersion of 0.28, consistent with continental clouds. The ice nucleation rate was set
as a function of temperature, based on Cooper’s (personal communication) wave cloud
ice crystal data, where the primary mechanism for nucleation is expected to be contact
nucleation. A very small surface moisture source was added (0.01 the sensible heat ﬂux)
176

in addition to the surface sensible heat ﬂux (set to an average of 800 W/m2 at noon). These
settings reﬂect the dry surface conditions.
This experiment focuses on 4 hours in the development of precipitation during the passage
of the synoptic trough. Three nested domains were used to telescope from large-scale to
cloud-scale resolution. This reﬁnement was implemented to represent ﬁne-scale motions
that would be averaged out in the larger-scale domains and is particularly necessary when
examining the small-scale convective cells that occurred in this case. The large-scale
ﬂow in the region was simulated with a domain 440 x 420 km with 10 km horizontal
grid spacing (Figure 5.39a), nearly matching the MM5 data domain. The second domain
nested down to 3.3 km horizontal grid spacing focused on the UAE, with a 297 x 257 km
domain (Figure 5.39b). A third domain with 1.1 km horizontal resolution (sized 264 x 178
km) (Figure 5.39c) is centered over the coastal cities where the precipitating clouds came
onshore. Results from the second and third domains are presented here.

Figure 5.39. Topography for the 3 domains used in 9 January Clark-Hall simulation. Left: (a)
10 km resolution domain, Middle: (b) 3.3 km resolution domain, and Right (c) 1.1 km resolution
domain. Contour intervals are shown every 250 m.

5.6.3d

Simulation Results

The period around 21 Z was identiﬁed, through the use of test simulations, as a period
that would beneﬁt from deeper investigation. Earlier, convection in the region was limited
to late afternoon orographic convection (14-16 Z) set off east of the Oman Mountains
due lifting of low-level moist air. Figure 5.40 shows VIS5D animations of cloudwater,
rainwater, and Ice A (pristine ice) at four times throughout the simulation. These times
reﬂect the system as it approaches land, deposits rain along the coast, and dissipates.

177

Figure 5.40. VIS5D animations of cloudwater (transparent yellow), rainwater (red), and Ice A
(pristine ice) (white) at four times throughout the simulation as the system approaches land, deposits
rain along the coast, and dissipates. Times in LST on 10 January.

As in the MM5 forecast itself, the coarse outer domains show a broad lightly precipitating
region. Only when the ﬁnest 1.1 km domain is added to the Clark-Hall model does the
simulation reveal that the wide precipitating region contains a very structured region
of embedded convective cells. Figure 5.41 provides horizontal cross-sections of vertical
velocity, cloud water, rainwater, and ice at this ﬁner resolution.
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Figure 5.41. Horizontal cross sections
at 2246 Z on Jan 9 from Clark-Hall
model. Figures are top left to bottom left
respectively. (a) vertical velocity at 1.12
km, (b) cloudwater mixing ratio at 1.81 km,
(c) rainwater mixing ratio at 1.81 km, (d)
Ice A mixing ratio (pristine ice) at 6.74 km,
and (e) Ice B mixing ratio (graupel) at 4.26
km.
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Figure 5.41a shows the vertical velocity ﬁeld at 1.12 km above the surface. The welldeﬁned south-north updraft line (red) is convergence associated with the collision of the
outﬂow from the downdrafts (shown to the left of the updraft line in blue) generated
by the convection at the center of the disturbance with the general cyclonic inﬂow
motion. This interpretation is conﬁrmed by the diverging surface wind vector pattern
(superimposed). The precipitation loading and evaporation in the convective cells at the
heart of the disturbance produced the cold outﬂow. Figure 5.41b reveals the convective
cells are generally organized into clusters of strongly convective clouds in a band that
curls around into the disturbance center. The rainwater produced by the center of the
cyclonic system as well as the rainwater in the convective updrafts in the band associated
with the outﬂow boundary is shown in Figure 5.41c.
The cloud ﬁeld organized into a band of cells 2-4 km in diameter containing strong
updrafts of 4-5 m/s, with downdrafts about half as strong. Figure 5.42 provides west-toeast vertical cross sections across the cell with the younger cells to the left and more mature
cells to the right. These cross-sections show a well-developed warm-rain process in the
convective updrafts with cells strong enough to produce a small amount of supercooled
liquid water (SLW) above the melting level at 4.3 km. Cloud water reached its maximum
(at this time) of 1.2-1.6 g/kg at a height between 2-3 km. Rainwater mixing ratios reached
values of 0.6 g/kg, suggesting it was increased by the plentiful cloud water but limited
due to the high cloud droplet concentration. Some cells produce rainwater through this
warm rain mechanism that reaches the surface. However, these rainwater-producing cells
are generally over water, as the system weakens soon after reaching land.
Cloud organization and depth increased with time, as the convective cells produced
clouds, rain, and at upper levels, ice crystals in the stratiform outﬂow from the cells.
These clouds soon produce ice crystals above, which grow primarily by vapor deposition
at the expense of the supercooled liquid water.
In contrast to the warm rain process present in the convective cell updrafts, there is
some microphysical evolution in the stratiform outﬂow (from the tops of these cells)
that produces smaller amounts of rain but deserves mentioning. The melting level is at
approximately 4.3 km above sea level. Some melting of Ice A ice crystals can be seen
being transported out the tops of the cells into stratiform outﬂow at 5-8 km above sea level
(Figure 5.41d). Some graupel (Ice B) is produced where rainwater is either transported
or produced to a height near the melting level where it collides with the ice crystals (Ice
A) (shown in Figure 5.41e). It may grow here but generally falls through the melting
level, melting to produce small amounts of rain. Most of the rain production was lower
in the clouds, so this process does not contribute too much graupel formation. There
does appear to be some enhancement of the ice clouds in this portion of the band as the
stratiform region is lifted as it approaches the Oman Mountains. There is also a suggestion
of some rain production as these particles fall and melt, but this does not appear to be a
primary source of the surface precipitation.
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Figure 5.42. Vertical cross sections at 2246 Z on Jan 9 from Clark-Hall model. Top: Cloudwater
(left) and rainwater (right) mixing ratio at west-east cross section about 20 km north of Ras Al
Khaimah, Bottom: Vertical cross section of (left) Ice A (pristine ice) mixing ratio and (right) Ice B
(graupel) mixing ratio 45 km north of Ras Al Khaimah.

This system passed across the Arabian Gulf overnight, hence its evolution during this
time was not strongly driven by either diurnal surface heating or topography. The cell
development was due to a cold outﬂow produced by the precipitation loading and
evaporation in the convective cells at the heart of the disturbance. The overall movement
of the cell, and thus the timing of precipitation, is dictated by the synoptic scale motions.
The dynamic interactions between convective updrafts and downdrafts, which at 2-3
km diameter can only be resolved in the ﬁne-scale domain, contributes to the ﬁne-scale
complexity that emerges when modeling this situation at the ﬁne resolution.
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Figure 5.43. Radar CAPPI and corresponding RHI (range height indicator) images from 9-10
January. a)-b) 2101 Z Jan 9, 2001. c)-d) 2143 Z Jan 9. e)-f) a different vertical cross section at
2143 Z Jan 9.

The cloud scales, organization, location, and clusters closely resembled those observed
by radar. Comparison of this simulation with radar observations (Figure 5.43) shows
similar structure in the precipitation producing cells.
Both radar (Figure 5.43) and simulation (Figure 5.41) show convective cells 3-4 km in
diameter with embedded in a weaker precipitating stratiform region. The vertical structure
of both suggest that the tops of the precipitating cells reached about 6-8 km, with the strong
echo-producing rain formed well below a melting level at about 4.3 km, suggesting that
the warm rain collision/coalescence process was responsible for rain production in this
location. Radar and model both suggest that as the system moved east toward the Oman
Mountains, the system weakened such that strong convective cells no longer appeared.
This simulation indicates there are three surface precipitation producing features
(the synoptic disturbance center itself, the convective band produced by the center’s
evaporatively-driven downdraft, and the stratiform precipitation region that originates as
outﬂow from the top of the convective band). The ﬁrst two are predominantly associated
with warm rain processes. The third shows some microphysical evolution through ice
phase processes, but this leads to only very light precipitation at the surface. The sensitivity
to the parameters governing our rainwater production through collisions between cloud
droplets suggests this aspect of the model should be examined more carefully, particularly
since this would be the critical aspect in a numerical simulation of seeding effects.
5.6.4

Case II: 31 July 2001 (Summer Case)

The case notes recorded on 31 July 2001 indicate there was widespread convection
capped by an inversion with strong rain showers. Early storms developed over and west
of mountains, but later persistent cells (possibly tied to the sea breeze front) produced
rain along the coast (Jebel Ali) and and eventually southwest of Al Dhafra. The research
aircraft sampled these storms. Larger storms formed even later (sunset and beyond) that
pelted Abu Dhabi with wind and rain, and continued to form and propagate northeastward.
Flow interactions appeared to be the forcing for the storms. Here we describe the
background metorological conditions and the research simulations designed to study and
understand the mechanisms for precipitation formation in this situation.
5.6.4a

Initializations of Atmospheric Environment with Upper Air Soundings

The initial simulations were initialized using a representative environmental proﬁle
composed of primarily the 00 Z sounding from Seeb International Airport (OOMS)
(Figure 5.44a). In this sounding, the lower moisture proﬁle was modiﬁed to represent
the more well-mixed boundary layer environment into which the clouds grew (seen in the
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Abu Dhabi 12 Z sounding, Figure 5.44b.).
These simulations used three nested domains with 10 and 3.3 and 1.1 km horizontal
resolution. This simulation was initialized at 0400 LST on July 31, 2001, and carried out
until 2040 LST that night.

Figure 5.44. Atmospheric proﬁle from the a) Seeb International Airport upper air sounding at 0 Z
on July 31, 2001, b) Abu Dhabi upper air sounding at 12 Z on July 31, 2001.
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The primary forcing mechanisms in this case were the
• Solar heating of the land. Based incoming solar ﬂuxes of about 1000 W/m2 in
the UAE surface sensor network, and estimates that in desert regions, 90% of
absorbed solar radiation is partitioned to sensible heat ﬂux to the atmosphere, we
set the outgoing sensible heat ﬂux to reach an estimated peak of 900 W/m2.
• Latent heat ﬂux from the warm Arabian Gulf and Gulf of Oman. This latent heat
ﬂux was taken to be 300 W/m2, and kept constant since the water temperature
was not expected to vary greatly over the day of simulation.
• Latent heat ﬂux from land. A Bowen ratio (deﬁned as the ratio of surface
sensible to latent heat ﬂuxes) of 2 was used to represent the limited surface
water availability and sparse vegetation, thus the limited ﬂux of water vapor to
the atmosphere by evaporation and transpiration.
• Orographic effects of the Oman Mountain range. This includes a gap ﬂow of
monsoon moisture from the east over the lower mountain elevations that exist
between Al Tawiyeh and Ghantiuat, and a weaker one near Al Ain.
Two distinct ﬂows were produced. First, easterly monsoon ﬂow leaks through canyons and
lower mountain ridges, providing moisture for all the day’s convection. In the morning,
the Oman Mountains provide orographic lift to the easterly monsoon ﬂow, which initiated
shallow clouds onshore and convective clouds along the peaks (Figure 5.45a and b).
Towards midday the mature, but shallow, convective clouds produced some rain that
evaporated, cooling the air to make it negatively buoyant and causing downdrafts that
led to weak surface gusts. Second, the heating of the land relative to the water led to a
sea breeze onset at 9 am LST (Figure 5.46a) that pushed inland. These ﬂows (easterly
gap ﬂow and northwesterly sea breeze) collided (Figure 5.46b) leading to additional
areas of convergence and lift producing even stronger and deeper convective updrafts
(Figure 5.47a and b) along the interface of the ﬂows over the northern coastal cities where
rainwater formed and fell from the clouds.
In this simulation the sea breeze pushed inward, moving the areas of convection inland.
This seems to exaggerate the strength of the modeled sea breeze because radar observations
show these clouds formed by colliding boundaries remained closer to the coast. The exact
location of the interface of the colliding boundaries depends on the timing and relative
strength of the sea breeze and convective downdrafts, which in turn depends on the
land-gulf temperature difference, the convective potential of the orographic cloud (i.e.,
whether moisture is available and the degree of instability in the atmospheric proﬁle), and
the amount of rain evaporated in their downdrafts (which depends in part on the drop size
distribution and relative humidity and depth of the sub-cloud layer).
The ﬂuxes and parameters mentioned in the experiment design, as well as components of
the atmospheric proﬁle such as the low-level inversion, depth and water vapor mixing ratio
in the imposed mixed layer, were varied over a wide rage to determine their impacts on
the outcome. For this particular simulation, we found that the principal factor inﬂuencing
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the outcome was the low-level moisture.

Figure 5.45. Vis5D
images of the 31 July
Clark-Hall simulation.
Top: Cloudwater
mixing ratio (yellow)
and rainwater mixing
ratio (magenta) in the
early period when
clouds form atop the
Oman Mountains
from orographic lift of
warm, moist easterlies,
Bottom: Cloudwater
and rainwater slightly
later, as the sea breeze
begins to collide
with the orographic
convection-modiﬁed
ﬂow.
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Figure 5.46.
Surface wind
vectors and
cloudwater mixing
ratio iso-surface
during the 31
July Clark-Hall
simulation of 0.1
g/kg (orange). Top:
As the sea breeze
forms, Bottom:
As the sea breeze
pushes inward,
colliding with
the orographic
convection ﬂow.
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Figure 5.47.
Cloudwater and
rainwater isosurfaces (yellow
and magenta,
respectively) as the
sea breeze pushes
inward, creating
convergence and
lifting (and cloud
formation) at the
interface of the two
ﬂows.
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Animations were produced to demonstrate the sequence of events on this date. (These 3
AVIs and one simulation from the January 09 winter case are provided on a CD that will
be supplied with this ﬁnal report to the Department of Water Resources Studies.) These
include:
• Jul31_qc_qr_still.avi and Jul31_qc_qr_rotate.avi
(still and rotating
perspectives)
These show iso-surfaces (at 0.1 g of water per kg of air) cloudwater mixing
ratio (in yellow, transparent) and rainwater mixing ratio (in magenta) in Domain
2 (horizontal resolution 3.3 km, 10 km tall). Each frame advance represents 2
minutes. Time (in LST) and frame number is given in the upper left corner. The
transparent cloud (yellow) allows the viewer to see into the cloud and see the
height at which rainfall forms.
• Jul31_vecs_cloud.avi
This animation shows the wind vectors at the surface and cloudwater mixing
ratio (an iso-surface of 0.1 g/kg, in orange).
5.6.4b

Initialization of Atmospheric Environment with MM5 Initialization

In this application, the initial MM5 background state is composed of the National Center
for Environmental Prediction’s (NCEP) AVN global model 1200 UTC forecast, NCEP’s
1° sea surface temperature (SST) data, and WMO GTS soundings, which are integrated
for the “best guess” of the state of the atmosphere at the time of model initialization and
interpolated onto the MM5 model grid. The AVN 1200 UTC forecast supplies boundary
conditions at later times. For the daily forecast, MM5 was implemented on a 14-node
Linux PC cluster. The system performed 36-hour forecasts operationally over a region
containing the UAE and surrounding areas daily. Although MM5 has been widely
used, some aspects of this application have been unique – for example, some modeling
components have been strongly challenged as summer surface temperatures approached
50 oC.
The three nested domains are shown (Figure 5.48). The outer (grid 1), middle (grid 2),
and inner (grid 3) domains have grid spacing of 30 km, 10 km, and 3.3 km, and are
composed of (94 x 94), (94 x 91), and (163 x 124) horizontal grid points, respectively.
The nested grids each have 32 vertical levels and are two-way interactive during the
simulation, thus they feed information back and forth between the different nesting levels.
The physical properties of the land-surface characteristics used in the model simulations
are listed in Table 5.10.
In contrast with MM5, the Clark-Hall (C-H) model is typically used as a research tool
where ﬁner-scale resolution and more complex topography are involved. The 36-hr
MM5 daily forecast initialized at 1200 UTC on the day before the day of interest was
used to initialize the background environment for the C-H model simulation of this
case and provide boundary conditions hourly at later times. The initialization procedure
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was performed by horizontally and vertically interpolating the MM5 ﬁelds of velocity
components, temperature, water vapor mixing ratio, and geopotential height along MM5
pressure surfaces onto the C-H model terrain-following coordinate system.
The MM5 data was extrapolated from 100 mb to the top of the C-H domain assuming a
constant atmospheric static stability (a Brunt-Vaisala frequency of 0.02 sec-1) and constant
winds.
Three nested domains were used to zoom in from large-scale to cloud-scale resolution.
(See Table 5.11 for details.) The large-scale ﬂow in the region was simulated with a
domain nearly matching the MM5 data domain used for initialization (Figure 5.49a) and
boundary conditions at later times (the 10 km domain on the 31 July 2001 case, and the
30 km domain on the 23 July 2003 case). The second domain nested down to 3.3 km
horizontal grid spacing focused on the UAE (Figure 5.49b). A third domain with 1.1 km
horizontal resolution (Figure 5.49c) is located over the speciﬁc region of interest – either
Al Ain or the Liwa oasis. Results from the third domains are presented here.

Figure 5.48. MM5 domain and terrain
for top left) the 30 km grid, top right) the
10 km grid, and bottom left) 3.3 km grid.
Contour intervals are shown every 200 m.
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Table 5.10. Physical properties for northern hemisphere summer (April 15 - October 15) and winter
(October 15 - April 15) associated with speciﬁc land use categories during summer (S) and winter
(W) months used in the MM5 simulations.

Vegetation ID.

Barren/sparsely
vegetated (19)
Shrubland (8)
Urban (1)

Albedo
(%)

Moisture
availability
(%)

Emissivity
(% at 9 µm)

Roughness
length
(cm)

Thermal
inertia
(Cal cm-2
K-1 s-1/2)
S
W

S

W

S

W

S

W

S

W

25

25

2

5

85

85

10

10

0.02

0.02

22
18

25
18

10
10

20
10

88
88

88
88

10
50

10
50

0.03
0.03

0.04
0.03

In this experiment, cloud droplet concentration was set to 300 cm-3 with a droplet dispersion
of 0.26, consistent with continental or polluted maritime clouds. The ice nucleation rate
was set as a function of temperature, based on Cooper’s (personal communication) ice
crystal data from wave clouds, where the primary mechanism for nucleation is expected
to be contact nucleation. The surface sensible heat ﬂux was set to reach a maximum of 800
W m-2, reﬂecting measurements of surface energy budgets in desert regions where nearly
all of the incident radiation (1000 W m-2 measured inland, during sunny conditions) is
returned to the atmosphere due to nonconductive sandy surface. A Bowen ratio of 2.0
was used, indicating a sensible to latent heat ﬂux ratio of 2:1. These settings reﬂect the
dry surface conditions.

Table 5.11. Clark-Hall Model simulation design and conﬁguration.

Grid points
NX, NY, NZ

Grid spacing
DX, DY (km)

31 July 2001
Domain 1
Domain 2
Domain 3

46, 44, 58
92, 80, 44
206, 206, 62

10.9, 10.0
3.6, 3.3
1.2, 1.1

23 July 2003
Domain1
Domain 2
Domain 3

80, 82, 58
212, 158, 66
278, 290, 58

10.9, 10.0
3.6, 3.3
1.2, 1.1

Study date
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Figure 5.49. Topography for the
three domains used in the 31 Jul 2001
simulation. Top left: 10 km resolution
domain, Top right: 3.3 km resolution
domain, and Bottom left: 1.1 km
resolution domain. Contour intervals
are shown every 250 m.

The regional scale environment on this day was typical in that it lacked a well-deﬁned
synoptic system, but several commonly observed regional patterns were present: (1) an
easterly wave that retreated over the Gulf of Oman, (2) a thermal low over Saudi Arabia,
and (3) southwesterly moisture support from the Indian Ocean. These are shown in
Figure 5.3. Together, these potentially provide the energy and moisture for precipitating
convection, but they may only culminate in signiﬁcant long-lived precipitation if aligned
a certain way relative to each other and smaller-scale motions behave as local triggers.
During the summer season, clouds are convective in nature with their roots in the
boundary layer. Orographic forcing by the Hajar Mountains initiated most of the
convective storms over the country, which occurred over the mountains and just to their
west roughly a third of summer days. The force of the thermals pushes these clouds to
above the freezing level, allowing the cloud to capitalize on both the liquid and ice phases
of the precipitation process. These clouds form precipitation shafts, many of which
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evaporate before reaching the ground although heavy downpours of rain occur over the
mountains and along colliding boundaries. This process serves to moisten the boundary
layer and weaken the capping inversion that generally exists near 5500 m during the
summer. During the summer, vertical column-averaged cloud condensation nuclei (CCN)
concentrations range from 300 to 500 cm-3 at 0.3% supersaturation, and 1000 or more
at 1% supersaturation, demonstrating a continental, polluted nature. Thermals rising
from the heated orography cause very short-lived towering cumulus to form. Many of
the clouds sampled by research aircraft during the summer seasons had bases below the
freezing level, with droplet concentrations ranging from 100 to greater than 1000 cm-3,
with most of the clouds indicating droplet concentrations between 400 and 800 cm-3, or
continental in nature. Liquid water contents were moderate with values between 0.2 and
0.6 g m-3 near cloud base. Of the approximately 715 storms tracked by radar in 2001
and 2002, 35% of them lasted less than 30 minutes, most lasted less than 1.5 hrs, and
very few lasted longer than 3 hours. While the short-lived storms are tied very closely to
the mountains, in some cases, such as the case investigated here, ﬂow interactions may
perpetuate clouds or cause them to deepen into the mid-level easterly ﬂow, last much
longer, and travel southwest or northwest towards the coastal cities.
On 31 July 2001 in the UAE, there was widespread convection in the UAE capped by
an inversion with strong rain showers. Typical early rainstorms developed over and west
of the Hajar Mountains, but later persistent cells possibly tied to the sea breeze front
produced rain along the coast near Jebel Ali, and eventually southwest of Al Dhafra. The
associated radar echoes indicate that the convection developed along a line from Dubai
to the area north of Al Ain, followed by scattered convective development over several
sections of the desert. Heavy convective activity occurred over the UAE throughout the
day, bringing heavy winds and rain to both Abu Dhabi and Dubai. Satellite images of the
cloud system on July 31 (Figure 5.47) and radar images (Figure 5.48) are shown. At the
time of the images, convective clouds are evident over the Gulf, the northern and eastern
UAE, and Oman. Larger storms formed even later, at sunset and beyond, which struck
Abu Dhabi with wind and rain, and continued to grow and propagate northeastward. Flow
interactions appeared to be the forcing for the storms.
5.6.4c

MM5 Forecast

Prior to 2001, when NCAR’s UAE Project began daily MM5 real-time forecasts, only
very coarse (50–110 km and greater) resolution general forecast models were run for
the UAE and surrounding region. These global models, such as the European Centre for
Medium Range Weather Forecasts (ECMWF) model (Burridge and Haseler 1977;
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a)

b)

c)

d)

Figure 5.50. METEOSAT 5 images of convective system in the UAE region at a) 0348 UTC 31 Jul
2001, b) 0928 UTC 31 Jul 2001, c) 1500 UTC 31 Jul 2001, and d) 0326 UTC 1 Aug 2001.
a)

b)

Figure 5.51. Radar images on 31 Jul 2001 at approximately a) 1000 UTC (1400 LST) and b) 1200
UTC (1600 LST).
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Tiedtke et al. 1979), the United Kingdom Meteorological Ofﬁce Bracknell model (Cullen
and Davies 1991), and the U.S. National Center for Environmental Prediction (NCEP)
Medium Range Forecast (MRF) model (Ji et al. 1994) capture very large, continentalscale meteorological features.
A mesoscale modeling system with factors of ten greater resolution than the global
models was necessary to study cloud development and local meteorology of the region
to learn more about the local meteorology, such as sea breezes, mountain effects, land
surface effects, gust fronts, cloud and precipitation development, dust storms, and other
mesoscale features that appeared to be important factors in the local weather. Thus, a daily
real-time forecast system using MM5 was established and operated during the winter and
summer meteorological ﬁeld programs, beginning March 2001.
The Grell cumulus parameterization was used for the outer and second domains, which
is based on the rate of destabilization and a simple single-cloud scheme with updraft/
downdraft ﬂuxes and compensating motion determining the heating/moistening proﬁle.
The MRF PBL scheme was selected to represent the sensible and latent heat ﬂuxes from
the earth’s surface that cannot be resolved explicitly. The Dudhia simple ice microphysical
scheme was chosen for its computational efﬁciency, where condensate above the freezing
level (0 °C) is assumed ice and below it is assumed liquid with immediate melting as it
falls through this level. The cloud radiation scheme represents atmospheric long-wave
and short wave radiation interaction with clouds, air, and the earth's surface. Ground
temperature schemes represent the changing surface soil temperature and moisture
conditions in response to atmospheric radiation. A ﬁve-layer soil model was used to predict
the soil temperature in 1, 2, 4, 8, and 16-inch deep layers with a ﬁxed substrate below
based on the vertical diffusion of heat. It resolved the diurnal temperature variation in the
soil, and, along with the soil moisture, accounts for the rapidness of diurnal temperature
variability near the surface.
Table 5.10 listed the land use categories, derived from the U.S. Geological Survey 25category vegetation classiﬁcation associated with these regions. Of these 25 categories,
three appear in the UAE, in decreasing frequency: (19) barren/sparsely vegetated, (8)
shrub land, and (1) urban. (Only a few grid points of this third category appear near
Al Ain, in Domain 3.) Associated with these land use categories are constants related
to the physical properties of the soil/vegetation types. These properties have a strong
impact on the diurnal variability of the near surface layers, including the amplitude of the
diurnal oscillation in temperature. For example, unrealistically high moisture availability
is known to dampen the daily temperature range. By decreasing the speciﬁc moisture
availability from 5% for the desert regions (characterized as “sparsely vegetated”) to 2%,
which is more characteristic for this region, the diurnal temperature variability became
more accurate. A byproduct of this change was that the soil temperatures ﬂuctuated more
rapidly, requiring ﬁner time steps in both the soil diffusion scheme and of the atmospheric
model during summer months to satisfy numerical stability criteria.
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Another issue was the impact of resolution. With the ﬁnest domain in these simulations at
grid spacing of 3.3 km, individual convective elements were not always resolved. In these
circumstances, a cloudy grid cell was indicated by a (grid-averaged) relative humidity of
approximately 80% or more. Thus, locations of 100% relative humidity could not be used
to identify cloudy regions. Downdrafts from convective clouds appeared as cool areas of
divergence in the surface plot, indicating precipitating clouds, although this precipitation
would often evaporate and not reach the surface to appear in the precipitation accumulation.
Another consequence was that canyon ﬂow through the Hajar mountain range from the
east was blocked, with some strips of lower elevation terrain, whereas the range actually
behaves more as a leaky sieve. This effect is discussed later.
Sea surface temperature strongly inﬂuences both precipitation processes and the sea
breeze. The differential temperature between this sea surface temperature in the Arabian
Gulf and the land temperature accounts for the strength and onset of the daily sea breeze.
Local ‘hot spots’ present in the NCEP Gulf sea surface temperature initialization ﬁeld
initiated sensible and latent heat ﬂuxes that led to rain over the Gulf when in fact no rain
occurred.
Thus, while the forecast for this date (Figure 5.49) captures the mountain-triggered
convection and precipitation, as well as an often-observed broad region of light
precipitation across the south central UAE, it overestimates the distribution and intensity
of precipitation overall, while the ﬁne-scale bull’s eye precipitation and long-lived
convective storms that reached the coastal cities were not captured.
5.6.4d

Clark-Hall Model Simulation

The Clark-Hall model simulation was initialized at 0200 UTC 31 July 2003 (0600 LST)
and carried out for 13 hours. The primary forcing mechanisms in this case were the
1. Solar heating of the land. Based incoming solar ﬂuxes of about 1000 W m-2 in
the UAE surface sensor network, and estimates that in desert regions, 90% of
absorbed solar radiation is partitioned to sensible heat ﬂux to the atmosphere, we
set the outgoing sensible heat ﬂux to reach an estimated peak of 800 W m-2.
2. Latent heat ﬂux from the warm Arabian Gulf and Gulf of Oman. This latent heat
ﬂux was taken to be 300 W m-2 and kept constant because the water temperature
was not expected to vary greatly over the day of simulation.
3. Latent heat ﬂux from land. A Bowen ratio (deﬁned as the ratio of surface
sensible to latent heat ﬂuxes) of 2 was used to represent the limited surface
water availability and sparse vegetation, thus limiting the ﬂux of water vapor to
the atmosphere by evaporation and transpiration.
4. Orographic effects of the Hajar Mountain range. This includes a gap ﬂow of
monsoon moisture from the east over the lower mountain elevations that exist
between Al Tawiyeh and Ghantiuat, and a weaker one near Al Ain.

196

Figure 5.52 shows a sequence of images of surface winds and precipitation formation throughout
the day from a Clark-Hall simulation. The simulation showed that four distinct ﬂows affecting the
UAE must be considered:
a)

b)

c)

d)

Figure 5.52. The 1200 UTC 30 July 2001 MM5 forecast of 3-hourly precipitation valid at a) 0900
UTC 31 July 2001, b) 1200 UTC 31 July 2001, c) 1500 UTC 31 July 2001, and d) 1800 UTC 31
July 2001.

1) moist, easterly ﬂow off the Gulf of Oman, culminating in a strong easterly gap ﬂow
through the low-lying ridges at the northern end of the Oman Mountains, 2) a building
northwesterly sea breeze from the Arabian Gulf, moist throughout a very shallow stable
later 3) a weak, dry south – southeasterly land breeze, which becomes disorganized as
solar heating warms the UAE interior, and 4), cool, evaporatively driven downdrafts from
convective clouds over the ridges of the Oman Mountains, spreading westward.
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Figure 5.53.
Three-dimensional
visualizations
of simulations
precipitation formation
at three times
throughout 31 July
2001. Domain is 4
km tall. The ﬁelds are
cloud water (orange,
1 g/kg), rainwater
(blue 0.5 g/kg), and
surface wind vectors
(aqua). a) Midmorning,
when easterlies cause
a gap ﬂow through
the northern parts of
the Oman Mountains.
b) Gap ﬂow initiates
convective clouds,
particularly as it
collides with sea
breeze, and mountain
clouds form. c)
Convective clouds form
in colliding boundaries
of a) and b), and along
the sea breeze pushing
inland.
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Several distinct ﬂows were produced. First, easterly monsoon ﬂow leaks through canyons
and lower mountain ridges, providing moisture for the day’s convection. In the morning,
the Hajar Mountains provide orographic lift to the easterly monsoon ﬂow, which initiated
shallow clouds onshore (Figure 5.54a) and convective clouds along the peaks (Figure
5.54b).
Towards midday the mature, but shallow, convective clouds produced some rain that
evaporated, cooling the air to make it negatively buoyant and causing downdrafts that led
to weak surface gust fronts (Figure 5.54b).
a)

b)

c)

d)

Figure 5.54. A sequence of images showing surface wind vectors, cloud water mixing ratio (red
indicates an isosurface of 0.5 g kg-1), and vapor mixing ratio (transparent white indicates 17.5 g
kg-1) during the 31 July 2001 Clark-Hall simulation at (a) 0730 LST, (b) 1030 LST, (c) 1230 LST,
and (d) 1430 LST.
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Second, the heating of the land relative to the water led to a sea breeze onset at 0900 LST
that pushed inland over time. These ﬂows (easterly gap ﬂow and northwesterly sea breeze)
collided (Figure 5.54c) leading to additional areas of convergence and lift producing even
stronger and deeper convective updrafts along the interface of the ﬂows. This bull’seye of precipitation was pushed northwest over the northern coastal cities (Figure 5.54d)
where more intense rain occurred, while the sea breeze front pushed further inland. The
bull’s-eye weakened as its easterly moisture supply was cut off, perhaps due to the wind
shift throughout the day.
5.6.4a

Summary

Research simulations were designed to study the mechanisms for precipitation formation
in this situation. In this simulation, the sea breeze pushed inward to the south-southeast,
moving the areas of convection inland. This appears to exaggerate the strength of the
modeled sea breeze because radar observations show these clouds formed by colliding
boundaries remained closer to the coast. The exact location of the interface of the colliding
boundaries depends on the timing and relative strength of the sea breeze and convective
downdrafts. These in turn depend on the land-Arabian Gulf temperature difference, the
convective potential of the orographic cloud (i.e. the moisture availability and degree
of instability in the atmospheric proﬁle), and the amount of rain evaporated in their
downdrafts, which is a function of the drop size distribution and relative humidity and
depth of the sub-cloud layer.
The ﬂuxes and parameters mentioned in the experiment design, as well as components of
the atmospheric proﬁle such as the low-level inversion, depth and water vapor mixing ratio
in the imposed mixed layer, were varied over a wide range to determine their impacts on
the outcome. For this particular simulation, we found that the principal factor inﬂuencing
the outcome was the low-level moisture.
An image sequence of modeled surface winds and precipitation throughout the day is
shown (Figure 5.54). The simulation showed that four distinct ﬂows affecting the UAE
must be considered: 1) moist, easterly ﬂow off the Gulf of Oman, culminating in a strong
easterly gap ﬂow through the low-lying ridges at the northern end of the Hajar Mountains,
2) a building northwesterly sea breeze from the Arabian Gulf, moist throughout a very
shallow layer with a strong stable layer capping the moist layer , 3) a weak, dry south to
southeasterly land breeze, which becomes disorganized as solar heating warms the UAE
interior, and 4) cool, evaporatively-driven downdrafts from convective clouds over the
ridges of the Hajar Mountains, spreading westward.
Shallow rain clouds form in the early morning along the eastern (upslope) side of the
Hajar Mountains under moist, easterly ﬂow from the Gulf of Oman. However, an easterly
gap ﬂow forms through the northern regions of the Hajar Mountains between Al Tawiyeh
and Ghantiuat and reaches the coast in the northeast UAE (Figure 5.54b). The air that
passes west through this gap is relatively moist compared to the air crossing farther
south along the range that has lost moisture due to being lifted to the condensation level,
precipitating out over the mountains, and drying adiabatically as the air descents to the
west of the mountains. This drying is typical in the lee of mountains and explains some of
the extreme dryness of areas such as Al Ain.
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By 0700 UTC, the collision of this gap ﬂow with the strengthening sea breeze caused
convergence along the coast in the northeast UAE, leading to initiation of convective
clouds at the boundary (Figure 5.54c). By this time, convective clouds containing rain
(and evaporative downdrafts) also formed along the Hajar Mountain ridges from solar
heating. At later times, as the sea breeze from the Arabian Gulf builds and pushes inland,
convective clouds formed in colliding boundaries of the gap ﬂow and sea breeze, as well
as west of Abu Dhabi along the boundary of the sea breeze.
These colliding boundaries are the basis of the convective cloud patterns seen in satellite
and radar images from this day, and lead in this and other cases to speciﬁc areas of
enhanced convective activity, including, ﬁrstly, the intersection of the gap ﬂow with the
sea breeze convection, as evidenced by the frequent occurrence of cloud formation in this
area. Secondly, less frequently, the intersection of convective downdrafts from the Hajar
Mountain clouds with the sea breeze may cause a convergence zone. When it occurs, this
collision progresses from northeast towards the south and west throughout the day, and
weakens as the downdrafts travel farther from their source. Thirdly, convection is also
enhanced along the sea breeze leading edge as it contacts the disorganized interior ﬂow,
but may only lead to weak convective activity due to the morning stable layer and shallow
layer of moisture.
5.6.5

Case III: 23 July 2003 (Summer Case)

The 23 July 2003 case revealed the factors contributing to the occurrence of rain near the
Liwa oasis located in the southwestern part of the UAE on this date, and the subsequent
rainstorms that propagated southwest into Saudi Arabia. It is now well recognized that
the primary source of summer precipitation in the UAE is convective rainfall associated
with clouds that develop over the Hajar Mountain range, fed by warm, monsoon ﬂow
moving west across the Arabian peninsula. However, previous studies such as that of 31
July 2001 have shown that, in the absence of strong synoptic forcing, the occurrence,
timing, and evolution of precipitation is strongly controlled by collisions between
mesometeorological ﬂows such as the afternoon northwesterly sea breeze, gust fronts
from convection over the Hajar mountains, deep, well-mixed planetary boundary layers
inland, and the morning easterly breeze bringing monsoon moisture onshore. While many
aspects of these ﬂows are present from day to day (such as the afternoon sea breeze and
almost daily convection over the mountains), variations in the wind speeds, moisture
proﬁles, and wind directions lead to different outcomes, such as the occasional longlived storm that reaches the coastal cities as on 31 July 2001 or particularly strong dust
storms. The 23 July 2003 case study examines another of these recurrent scenarios, in
which the position of the Arabian low, moisture advection from the Indian Ocean, and
sea breeze all play a role in initiating convection over the southwestern parts of the UAE.
Strong convective showers with abundant lightning occur on approximately 10 to 15 days
during the summer season in this region and the convection is often associated with local
ﬂooding.
5.6.5a

MM5 Forecast

The environment on 23 July 2003 was characteristic of many summer convective days. The
22 July 2003 daily MM5 forecast for the UAE started at 1200 UTC and run for 36 hours The
MM5 simulation captures the big picture of the day’s events, including the strong, northwesterly
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afternoon sea breeze and the low pressure center to the south of the UAE that draws moderately
moist ﬂow from the southeast (Figs. 5.3 and 5.54). Light convective precipitation is predicted
over a broad region where these two ﬂows converge. Although the forecast identiﬁes a general
area where precipitation may occur, the resolution leads to prediction of cells 10-15 km in
diameter, masking the physical processes that are occurring. Thus, ﬁne-scale simulations
examining these ﬂow interactions were carried out with the Clark-Hall model.

Figure 5.55. 1200 UTC 22 July 2003 MM5 forecast of cumulative precipitation from 1600 LST to
1900 LST on 23 July 2003.

5.6.5b

Clark-Hall Model Simulation

The 1200 UTC 22 July 2003 daily MM5 forecast was used to initialize the background
environment for the Clark-Hall and provide updated boundary condition data at later
times. The Clark-Hall model simulation began at 0700 LST on 23 July and simulated the
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period from 0700 LST to 1918 LST. Three nested domains with horizontal grid spacing
10 km, 3.3 km, and 1.1 km were used (Figure 5.56).

Figure 5.56. Topography for the three nested domains used in the Clark-Hall simulation of 23 Jul
2003. Each topographical contour interval represents 100 m.

The results of this simulation are shown (Figs. 5.57 – 5.59). Initially, the ﬂow is
representative of the cyclonic circulation accompanying the low pressure over the Arabian
Peninsula, centered at the south central point of the domain.
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Figure 5.57. (top) A west-east vertical cross section of simulated water vapor mixing
ratio (high mixing ratios are orange-red; low mixing ratios are green-blue) at 0704 LST
on 23 July 2003 using the Clark-Hall model. (bottom) A west-east vertical cross section
of water vapor mixing ratio (high mixing ratios are orange-red; low mixing ratios are
green-blue) at 1230 LST.
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Figure 5.57 reveals two different air masses: to the left, the strongly stratiﬁed, moist but
shallow sea breeze, and to the right, the deeper, well-mixed but capped approximately 1
km deep boundary layer. In the middle of the cross section is strong updrafts and mixing
at the conﬂuence of these air masses. Clouds form at the top of this mixing region, as the
high water vapor at the surface is forcibly lifted to the lifting condensation level.
The northerly sea breeze ﬂow on the left is shallow, moist, and stable, while the southerly
ﬂow on the right side of the domain is mixed throughout approximately 1 km (Figs.
5.57a and 5.59a). As the sea breeze strengthens and moves inland, it serves as a wedge
- the conﬂuence between the two air masses increases, and a northeast-southwest oriented
mixing zone forms in between (Figs. 5.57b and 5.58) A vertical cross section through
the mixing region shows strong vertical updrafts that lift the high vapor mixing ratios
at the surface to the lifting condensation level, forming a line of clouds, particularly at
the leading edge of the sea breeze (Figure 5.58). Later in the afternoon, as the sea breeze
pushes further inland, the band of clouds in the mixing region is pushed further south,
where, later in the afternoon, they grow to become convective storms over the Empty
Quarter of Saudi Arabia (Figure 5.59c).

Figure 5.58. Similar to Figure 5.57, from another perspective, with the addition of a horizontal
cross section of water vapor mixing ratio at 1.05 km above ground. In the cross section, higher
water vapor mixing ratios are denoted by the colors of yellow and orange, while lower mixing ratios
are shown with green and blue. Purple indicates location of cloud formation.
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These features appear in remote sensing data. The radar echo image (Figure 5.60) for
1130 UTC indicates the line of convection in the southwestern parts of the UAE extending
into Saudi Arabia, while the accompanied satellite image for 1200 UTC indicates a large
area of convection extending from the UAE with most of the convection over the Empty
Quarter of Saudi Arabia (Figure 5.61).

a)

b)

Figure 5.59. Simulation of the
wind (red arrows), water vapor
mixing ratio (misty white – 17.2
g kg-1), cloud formation (purple)
at (a) 1400 LST on 23 July 2003,
b) 1600 LST, and c) 1700 LST on
23 Jul. ‘X’ denotes location of the
Liwa oasis.

c)

5.6.5c

Summary

In light of the common occurrence of many of these features, including the low-pressure
system over the Arabian Peninsula and the afternoon sea breeze, this combination of
events appears to lie at the heart of the forecast of light rain over the southern UAE
206

frequently seen in the MM5 forecast and documented by the ﬁeld program. It may also
contribute to the local moisture anomaly known as the Liwa oasis.

Figure 5.60. Radar image at 1130 UTC 23 July 2003 (1530 LST).
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Figure 5.61. METEOSAT 5 infrared image of a convective system in the UAE and Empty Quarter
region of Saudi Arabia at 1200 UTC 23 July 2003.

This situation often occurs when the closed thermal low is located over the Empty Quarter
of Saudi Arabia with monsoon moisture advected from the Indian Ocean along the western
side of the Oman Mountains to the northwest around the thermal low pressure system.
The interaction of this ﬂow with the moist low-level sea breeze from the Arabian/Persian
Gulf acts as a trigger for the convection. The outﬂow from the convection subsequently
triggers new convection and propagates around the low deeper into Saudi Arabia. The
ﬁnal feature contributing to these convective outbreaks is an upper level easterly trough
that provides sufﬁcient convective conditional instability in the atmosphere for convective
clouds to develop through a deep level of the atmosphere. The scenario described here is
depicted graphically in Figure 5.3.
On 31 July 2001, shallow rainclouds form in the early morning along the eastern (upslope)
side of the Oman Mountains under moist, easterly ﬂow from the Gulf of Oman. However,
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an easterly gap ﬂow forms through the northern regions of the Oman Mountains between
Al Tawiyeh and Ghantiuat and reaches the coast in the northeast UAE (Figure 5.53a).
The air that passes west through this gap is relatively moist compared to the air crossing
farther south along the range. This southern air has lost some moisture through being lifted
to the condensation level, precipitating out over the mountains, and drying adiabatically
as the air descents to the west of the mountains. This drying is typical in the “lee” of
mountains and explains some of the excessive dryness of areas such as Al Ain.
Later, the collision of this gap ﬂow with the strengthening sea breeze has caused
convergence along the coast in the northeast UAE, leading to initiation of convective
clouds at the boundary (Figure 5.53b). By this time, convective clouds containing rain
(and evaporative downdrafts) have also formed along the Oman Mountain ridges from
solar heating. At later times, as the sea breeze builds and pushes inland, convective clouds
form in colliding boundaries of the gap ﬂow and sea breeze, as well as west of Abu Dhabi
along the boundary of the sea breeze.
These colliding boundaries are the basis of the convective cloud patterns seen in satellite
and radar images from this day, and lead in this and other cases to speciﬁc areas of
enhanced convective activity:
• The intersection of the gap ﬂow with the sea breeze convection, as evidenced by
the frequent occurrence of cloud formation in this area.
• Less frequently, the intersection of convective downdrafts from the Oman
Mountain clouds with the sea breeze may cause a convergence zone. When
it occurs, this collision progresses from northeast towards the south and west
throughout the day, and weakens as the downdrafts travel farther from their
source.
• Convection is also enhanced along the sea breeze leading edge as it contacts the
disorganized interior ﬂow, but may only lead to weak convective activity due to
the morning stable layer and shallow layer of moisture.
This work is directed toward understanding the preferred locations of convection in the
UAE. The preceding sections describe how two models were applied in this region. The
MM5 model provided a daily real-time forecast of weather conditions over the UAE.
The Clark-Hall model was used as a tool to understand, in detail, the mechanisms for
precipitation formation in two case studies that led to precipitation in two areas of the
UAE where long-lived convective precipitation has repeatedly been observed to occur.
While many aspects of these cases were routine and occur almost daily (such as a thermal
low somewhere over Saudi Arabia, strong solar heating, and a moderate to strong sea
breeze), what is illuminating about these days is that they have a beneﬁcial combination
of factors that lead to long-lived convective storms, in contrast to the more common
situation where convective clouds dissipate soon after moving away from the mountains.
This alignment of a number of forces (both regional and mesoscale or cloud-scale)
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has been shown to lead to the concentration of precipitation in two areas where it is
repeatedly observed during summer convection in the UAE. The Clark-Hall simulation
used higher-resolution, ﬁner-scale studies to bring out a feature known to occur but not
captured by global or mesoscale simulations – a bull’s eye for convective formation at
the conﬂuence of the afternoon sea breeze, easterly monsoon ﬂow through gaps in the
Hajar Mountains, downdrafts from convective clouds over the Hajar Mountains, and the
deep mixed boundary layer present over the inland parts of the UAE. This occurred in a
favorable regional setting of a thermal low situated west of the UAE over Saudi Arabia,
southwesterly moist ﬂow from the Indian Ocean, and a retracting easterly wave over the
Gulf of Oman. While synoptic-scale models may indicate these regional ﬂow patterns,
even a mesoscale model produced much broader and more intense precipitation than
actually occurred by not resolving local-scale features such as sharp sea breeze fronts,
ﬂow through narrow gaps the Hajar mountain valleys, and convective cloud downdrafts.
Although the Clark-Hall model simulations at ﬁner resolution indicates captures these
important local-scale features, correct simulation of the timing and strength of each of
these features, a difﬁcult goal, is ultimately needed for accurate prediction of these events.
Moreover, although the daily constancy of several of these factors suggests that there
should be preferred locations for seasonal summer rainfall – and initial radar precipitation
climatologies seem to support this hypothesis – daily variability in moisture content and
wind direction in the easterly monsoon ﬂow as well as the thermodynamic structure, the
outcomes in terms of storm formation can vary substantially from expectations and from
day to day.
While MM5 captured the convective clouds that form over the mountains and the
broad region of light precipitation over the southern UAE, the convective storms that
propagated northwest to the coastal cities were not apparent. The steep walls deﬁning
these canyons and the degree to which the mountain ridge drops in the northeast UAE
is not resolved even in the mesometeorological model simulation – the mountains thus
appear as a continuous barrier - so it did not capture the easterly stream of moisture
through the mountains that sustained the long-lived storms that grew deeper into the
mid-level easterlies that propagated them northeast to the coastal cities. In addition,
although this work emphasizes the variability resulting from the previously unrecognized
interaction of large and small-scale factors, better forecasts may also be obtained through
improved techniques such as data assimilation
5.6.6
5.6.6a

Model Development
New Microphysical Parameterization Scheme

Introduction
As part of the entire research project, a new microphysical parameterization scheme
has been developed that will allow us to test the impact of aerosols (including those
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either pollutant or seeding agent in nature). The basic requirement of the scheme is that
it should be of sufﬁcient detail and breadth to allow model simulations that reproduce
the basic character and evolution of naturally occurring clouds and cloud systems in the
project area while treating aerosols in enough detail that hygroscopic seeding can be
realistically simulated.
We determined that the scheme should include the following features:
• Nucleation of both natural and artiﬁcial aerosols are treated directly, with explicit
prediction of supersaturation.
• Treatment of the warm rain process are of sufﬁcient detail that the development
of drizzle and rain is a function of the cloud droplet distributions produced from
the activated aerosols.
• Six hydrometeor classes are used; including cloud water and rain to deﬁne the
liquid water spectra while the ice particle spectra is divided into four classes - ice
crystals, snow, graupel and hail.
• Two moments of the size distribution, number concentration and mixing ratio,
are predicted for each hydrometeor class, with the particle size distributions
given by gamma distributions.
The new microphysical parameterization scheme developed for the model has been
assembled, coded, and undergone initial testing over the past year. It includes all of the
desired features listed above and is described in detail below. Each hydrometeor class
interacts with water vapor and with the other hydrometeor classes through a series of
idealized representations or parameterizations of the physical processes. These processes
are the nucleation of cloud condensation nuclei, condensation/evaporation, collision/
coalescence, including drop breakup, both homogeneous and heterogeneous nucleation
of ice crystals, deposition/sublimation, collision/aggregation, accretion, freezing, melting
and shedding, and ice multiplication via the rime splintering mechanism.
The treatment of the nucleation of CCN is based on Cohard et al. (1998). Warm rain
processes are based on the treatment of Cohard and Pinty (2000), who have extended
the work of Ziegler (1985) which, in turn, was based on Berry and Reinhardt (1974) and
Long (1974). The treatment of ice is similar to the double-moment four-class ice scheme
developed by Brad Ferrier of NASA (Ferrier, 1994), although our new formulation does
not allow for mixed-phase particles (i.e. ice particles with water coatings).
At present, the new scheme is unable to represent an artiﬁcial aerosol source acting
together with an ambient aerosol population. Initial evaluations of hygroscopic seeding
potential will be limited to comparisons of the results of simulations with CCN activation
spectra characteristics representative of natural and artiﬁcial aerosols respectively. Work
continues on generalizing the scheme to allow for two distinct aerosol populations acting
in combination. Investigations of alternative formulations for various processes and
efforts to improve the computational efﬁciency of the scheme are ongoing.
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Details of the new scheme
The new microphysical scheme will assume two classes of liquid particles, cloud water
and rain, and four classes of ice particles: cloud ice crystals, snow, graupel, and hail. For
each particle class x, two moments of the particle size distribution, number concentration
(nx) and mixing ratio (qx), will be predicted. Warm rain aspects of the scheme are based
on Cohard and Pinty (2000) whereas much of the ice treatment is patterned after Ferrier
(1994).
All particle classes are assumed to follow the gamma distribution
(1)
α

nx (Dx)= noxDx x exp ( λxDx )
where nx (Dx) is the number of particles per unit volume (cm-3) of size Dx ,nox (cm-4 -α x )
is the intercept, λx (cm-1) is the slope, and αx is the shape parameter. For our purposes, we
shall assume that the shape parameters are speciﬁed and ﬁxed for the duration of a given
simulation. For αx = 0, Eq. (1) reduces to the commonly used exponential form.
As a practical matter, the computer code will carry the number concentration in units of
# g-1, instead of # cm-3. We shall refer to this quantity as Nx. The ﬁnal form of equations
will be presented in terms of both nx and Nx. The former will provide for straightforward
comparison to referenced material while the latter will facilitate checking of the computer
code. Throughout the mathematical development that follows, we shall assume mass/
diameter relationships of the form
(2)
d

mx (Dx)= cxDx x
The speciﬁc power law relationship assumed for a given class of particles may be changed
without modiﬁcation to the rate expressions.
From (1) and (2), we deﬁne λξ and nox as

[

Г(1 + αx + dx ) cx nx
λx = —————————
Г(1 + αx )ρaqx

(3)
/
Г(1 + α + d ) c N
] / = [—————————
]
Г(1 + α )q
1

dx

x

x

x

x

x

1

dx

x

and
(4)
ρa Nx λx
x λx
nox = n————
= ————
Г(1 + αx ) Г(1 + αx )
1+αx
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1+αx

where ρa is the air density (g cm-3).
Fall speed relationships are also expressed as power laws of the form
(5)
bx

Vx (Dx )= zcaxDx exp (- fxDx )
where zc = ( ρο ⁄ρa )½ and fx = 0 except for raindrops. Speciﬁc values of the various
parameters will be listed later. From Eq. (1), (2), and (5), the mass-weighted and numberweighted mean fallspeeds are written as
(6)

and
(7)

Mathematical Preliminaries
There are a number of mathematical forms that result on a recurring basis from the integrals
that describe the various microphysical rate expressions employing gamma distributions.
Since the notation and naming conventions for various terms and factors in the resulting
integrals are somewhat confusing, the notation we use here will be documented before
moving on to the description of individual processes. We also document the numerical
procedures used in the code to calculate the special functions, which result.
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where Γ( ) is the standard gamma function, which is evaluated using function
CGAMAF.

Both γ (a, x) and Г (a, x) are referred to as incomplete gamma functions. We will usually
write our rate expressions in terms of γ ∗(a, x) which is also commonly referred to as
P(a,x). This quantity is calculated by function GAMAP. The two incomplete gamma
functions given above are related by

which allows us to obtain the following

Double integrals involving γ (a, x) or Г(a, x) for the inner integral result in

F( , , ; ) is Gauss’ hypergeometric function, which is calculated using the HYPRGEO2
suite of routines in the computer code. This set of routines tries to apply the efﬁcient series
representation of the hypergeometric function by making appropriate transformations
depending on the range of the arguments.

214

Individual Processes
Throughout the material that follows, cgs is the preferred system of units; exceptions
will be noted as they occur. All microphysical processes except vapor transfer terms are
calculated as positive quantities and the proper physical sense is achieved via addition or
subtraction as appropriate. Thus both freezing and melting rates are calculated as positive
quantities with the proper physical sense of heating or cooling obtained by addition or
subtraction respectively. The vapor transfer terms are calculated in their proper physical
sense; depositional growth of ice is positive, sublimation is negative.
a) Nucleation of cloud droplets - The formulation of this process is based on Cohard et
al. (1998) who have extended Twomey’s analytical estimate to more realistic activation
spectra. Twomey’s (1959) CCN activation spectra given by
(8)
k

NCCN = C Svmx
is replaced by a four parameter representation given by
(9)
k

2

NCCN = C SvmxF (u, k / 2, k / 2 +1; - βsvmx )
which more accurately depicts real spectra, especially at large values of Svmx. A key
aspect of Twomey’s scheme is estimating the maximum value of the supersaturation Svmx.
The basis for this estimate is described in Cohard et al. (1998) and Pruppacher and Klett
(1978) and not repeated here. The resulting expression for the maximum supersaturation
is
(10)

where w is the vertical velocity, ρw is the density of water, B(a,b) is the Beta function
given by B(a, b) = Γ (a) Γ (b) / Γ (a + b) . The factor of 104 converts from fractional
representation of supersaturation to percent. Other quantities in (10) are
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where all quantities are in cgs units, and g is gravitational acceleration, Lv is the latent
heat of vaporization, T is the air temperature, Rd and Rv are the gas constants for dry air
and water vapor respectively, ε is the molecular weight ratio of water vapor to dry air, Cp
is the speciﬁc heat of air at constant pressure, qvsw is the water vapor saturation mixing
ratio with respect to water, ψ is the diffusivity of water vapor in air, and Ka is the thermal
conductivity of air.
Eq. 10 is a transcendental function; solution is obtained by iteration, with the ﬁrst guess
assuming F( , , ; ) = 1. The cumulative number of nuclei activated is given by
(11)
k

2

NCCN = CSvmxF (µ, k / 2, k / 2 +1; - βsvmx )
and the number of newly nucleated droplets is given by
(12)
NCNUC = max [0,NCCN / ρa – Na (t – ∆t)] / ∆t
where Na is the number of activated CCN, and is a separate ﬁeld variable. The change
in cloud water mixing ratio assumes that all freshly activated droplets are at their critical
size and may be written as
(13)
dc
QCNUC = cc Dcrit
NCNUC
.

with
Dcrit= 4A / (3svmx );A = 4σw,a / (RvTρw )
where σw,a is the surface tension of water over air.
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The C and k parameters in Twomey’s original formulation are generally quite different
from the C and k values of the four-parameter formulation. Cohard et al. (1998) list
representative values for the four parameters, whereas Cohard et al. (2000) provide
parametric relationships between the parameters that describe the CCN activation spectra
and observable properties of the aerosols.
b) Condensation/evaporation of cloud water – This process will be referred to as QCND
for completeness, although no such rate expression is actually calculated. We retain the
iterative procedure currently employed by the model. If qc = 0, the cloud droplet number
concentration is also set to zero.
c) Autoconversion of cloud water to rain - We use the scheme outlined in Cohard and
Pinty (2000) for warm-rain collection processes. The Cohard and Pinty scheme is
patterned after Ziegler (1985), which in turn is based on Berry and Reinhardt (1974) and
Long (1974). Berry and Reinhardt’s parameterization of autoconversion of cloud water
to form rain is based on a characteristic liquid water content acting over a characteristic
time scale. These are given by
(14)

where, for our deﬁnition of the gamma size distribution function,
(15a)

(15b)

Then, the mass rate of change due to autoconversion is
(16)
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and the number of raindrops produced is
(17a)

or
(17b)

if rain already exists at the point in question. The number of cloud droplets depleted
by this process is included in the expression for self-collection of cloud droplets given
below.
d) Accretion of cloud water by rain - Cohard and Pinty base this process on Long’s
polynomial collection kernels applied to speciﬁc size ranges. The rate expressions are
For Dr < 0.01 cm, K2 = 2.59E9 cm-3s-1 and
(18a)

(18b)

while for Dr ≥ 0.01 cm, K1 = 3.03E3 cm-3s-1 and
(19a)

(19b)
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In terms of Nc and Nr, the factor ncnr/ρa for QRACW becomes ρaNcNr whereas for NRACW
in units of # g-1s-1 instead of # cm-3s-1, the factor ncnr becomes ρaNcNr.
e) Self-collection of cloud water and rain, and raindrop breakup - Based on Cohard and
Pinty (2000) the self-collection of cloud water and rain may be expressed as (x = c or r)
For Dx < 0.01 cm
(20a)

while for Dx ≥ 0.01 cm
(20b)

As noted for Eqs. (18) and (19), for NXSCX in units of # g-1s-1, the factor nxnx becomes
ρaNxNx. The process of raindrop breakup is treated by multiplying the raindrop selfcollection rate by a bulk collection efﬁciency, Err, given by

f) Evaporation of rain - The evaporation rate for the rain spectrum is obtained by integrating
the evaporation rate for a single drop over the entire raindrop size distribution. We apply
the same form for ventilation used by Lin et al (1983) and Ferrier (1994). The result is
(21)

where
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and Sc is the Schmidt number and ν is the kinematic viscosity. The associated change in
raindrop number concentration is
(22)

g) Heterogeneous nucleation of ice crystals - The nucleation of ice crystals via deposition/
condensation freezing is based on Ferrier (1994). It may be written as
(23)

(24)

where

with nio = 1.E-3 cm-3, α2 = 12.96, β2 = 0.639, and Si is the supersaturation with respect to
ice Si=qv/qvsi - 1. The mass of freshly nucleated ice crystals in Eq. (24), given by mio, is
taken to be that of a 0.002 cm diameter ice crystal.
h) Ice crystal production via cloud droplet freezing and the melting of cloud ice - Ferrier
(1994) treats this process in a manner suggested by Murakami (1990) for temperatures
warmer than the homogeneous freezing temperature (Thom = -40°C). It is based on the
probabilistic freezing of raindrops scheme derived by Wisner et al. (1972), but modiﬁed to
apply to cloud droplet sizes. Wisner et al. based the scheme on drop freezing experiments
conducted by Bigg (1953). The equations describing this process are
(25)

(26)
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where A′ and B′ are constants in Bigg's freezing function.
Performing the integration, we obtain
(27)

(28)

In a formulation markedly different from that assumed here for liquid particles, Ferrier
(1994) found it necessary to place an additional constraint on the number of cloud droplets
frozen. When the mean droplet diameter falls below some minimum value (0.0005 cm
in his case), he assumes a constant size and computes a droplet concentration that is a
limiting value (nw) for the number of cloud droplets that may freeze. Application of this
constraint may be written as

If the temperature is colder than the homogeneous freezing temperature, all of the cloud
water is frozen. This may be written as
(29)
QIFZ = max (0, qc/ ∆t
(30)
NIFZ = max (0, nc/ ∆t
The melting of any cloud ice crystals is assumed to be instantaneous and may be expressed
as
(31)
QIFM = qi /∆t
(32)
NIFM = ni /∆t
i) Ice multiplication - Ice multiplication as a result of rime-splintering is modeled using
a derivative of the scheme outlined by Aleksić et al. (1989). Based on the experiments
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of Hallett and Mossop (1974), three conditions are required for the process to be active:
the cloud temperature is in the range -3 to -8°C; the mean fallspeed of the collecting ice
particle exceeds 1 m s-1, and the collecting particle is experiencing dry growth. The rate of
ice splinter production is assumed to be proportional to the number of collisions between
the collecting ice particle (graupel or hail in our application) and cloud droplets greater
than 0.0025 cm diameter. The number of ice splinters that are produced per collision as
a function of temperature is
(33)

With the fraction of cloud droplets greater than 0.0025 cm expressed by (1 – f25) where
f25 is given by
(34)

the rate of splinter production is
(35)

where the upper limit, Dxw, is the diameter of a “just wet” collector particle deﬁned later
in Eq. (85), and the lower limit, D1x, is the diameter of a collector particle falling at 1 m
s-1, given by
(36)

Performing the integration, we obtain the following subject to the constraint that Dxw is
greater than D1x.
(37)

222

(38)
QIHMX = mihm · NHMX
The mass of ice particles produced by the rime splintering process, mihm in Eq. (38), is
taken to be that of a 0.004 cm diameter ice crystal.
j) Deposition/sublimation of cloud ice crystals - We have two options here. The ﬁrst
is to follow the treatment used by Ferrier (1994), which maintains most of the physics
of the problem but uses a speciﬁc ventilation formulation due to Hall and Pruppacher
(1976), or base our formulation on the parameterization developed by Koenig (1971),
which inherently allows for different crystal habits.
Ferrier’s form can be expressed as
(39)
QIDEP = 2� Si noi VENTi / (Ai + Bi )
with

where Ls is the latent heat of sublimation.
The ventilation effect is given by
(40)

with
(41)

where
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Deﬁning Dif as the diameter of an ice crystal such that χi(Dif) = 1 we can rewrite (40) as
(42)

where
(43)

Performing the integration, the ventilation effect is
(44)

There is no change in number concentration for depositional growth, but for sublimation
the number concentration is reduced in proportion to the mixing ratio change.
The alternative formulation for ice crystal deposition is based on the parameterization
developed by Koenig (1971) in which the mass rate of change of an ice crystal undergoing
depositional growth at water saturation is
(45)
dm / dt = a1 m

a2

where a1 and a2 are temperature dependent. Relaxing the water saturation condition and
applying Eq. (45) to the ice crystal spectrum yields
(46)
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Performing the integration, the ﬁnal expression becomes
(47)

k) Rain/cloud ice crystal interactions - This is a three-component freezing process in which
the result of the interaction of two classes of hydrometeors produces a third class, in this
case hail. Two mass rate expressions, and two corresponding number concentration rate
expressions, are involved, rain accreting cloud ice, which is generally small, and cloud ice
crystals accreting rain, which can be quite large and may require special considerations.
We will ignore the fallspeeds of the ice crystals in deriving these expressions. In addition,
we shall assume that only those raindrops larger than a critical size Dri collect cloud ice.
Ferrier suggests Dri = 0.004 cm, and Eri = 0 for Dr < Dri, and Eri = 1 for Dr ≥ Dri. The
resulting expressions for rain accreting cloud ice are
(48)

(49)

Corresponding expressions for cloud ice accreting rain are
(50)

(51)

Terms outside the braces in Eqs. (48)-(51) are a result of Eri = 1.
As is discussed in Ferrier (1994), there is considerable potential for overcounting in the
application of Eqs. (50) and (51) as written above. The alternative formulation is
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(52)
QIACR = ∆qr / ∆t
where
(53)

with
(54)
Pri (Dr ) = min [ 1, nri (ni , Dr ) ]
and
(55)

We select Drp such that nri (ni ,Dr) = 1. Then
(56)

Performing the integration, we obtain
(57)
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Following a similar procedure, the alternative to (51) is
(58)

To determine which formulation to apply, Ferrier suggests the following
(59)

where ∆QIACR = QIACR ⋅ ∆t/qr and QIRMX = 5 for αr = 2.5, and QIRMX = 7.5 for αr =
0.
To determine the value of Drp in Eqs. (56)-(58) we set (55) equal to 1 and solve for D.
The result is
(60)
Drp = [4/(�zc ar ni ∆t ]

1/(2+br)

If fr in (5) is zero, this is the value we use. If not, we solve for Drp iteratively using the
Newton-Raphson method where
(61a)

(61b)

(61c)

l) Conversion of ice crystals to snow - As ice crystals grow to large enough sizes they
are converted to snow. Ferrier originally assumed that this process involved the gradual
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conversion of the mass and concentration of crystals larger than some maximum size Dimx
to snow over some time interval ∆tis , which is on the order of 100 s. This is written as
(62)

(63)

This scheme did not conserve higher moments of the spectra, resulting in artiﬁcially
increased radar reﬂectivity values. An alternative formulation was developed which
assumed the ice crystal concentration was essentially constant with only the largest
crystals converted to snow with the slope of the ice crystal distribution adjusted to a
minimum value λio, which he assumed to be 50 cm-1. The resulting equations are
(64)

(65)

and NICVS = 0.
m) Aggregation of cloud ice and snow - The aggregation of ice particles is limited to
cloud ice crystals and snow in this scheme. The expression describing this process is
(66)

where x = i or s. The inner integral in this expression is split into two parts, integrating
from zero to Di with |Dj – Di| and from Di to inﬁnity with |Di – Dj|. The result of this
integration may be expressed as
(67)
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where
(68)

with c1 = c3 = 1 and c2 = 2. The expression, I(αx,bx) is a constant, depending only on the
shape parameter of the size distribution and the fallspeed exponent.
n) Collection of cloud water by type x ice, and conversion during riming growth - The
accretion of cloud water by species x = i, s, g, and h may be expressed as
(69)

(70)

Following the scheme outlined by Ferrier, these collection processes may result in the
conversion of one class of ice to another, from snow into graupel, from graupel to hail,
and from hail to graupel, depending on the riming rate and the density of the rime deposit.
Partitioning depends on two characteristic diameters, D1xy and D2xy. D1xy is the minimum
diameter for which the density of the accreted rime is equal to that of the new class of
particle produced. D2xy is the diameter for which the particle mass doubles within a time
interval ∆trime.
In our application, we apply the rime density relation of Heymsﬁeld and Pﬂaum (1985)
for the conversion of snow to graupel and from graupel to hail, and that due to Macklin
(1962) for the conversion from hail to graupel. The density of the rime deposit is written
as
(71)
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where r is the mean cloud droplet radius in microns, Vimp is the impact velocity in m s1
, and Ts is the surface temperature (ºC)of the accreting particle. We shall assume that
the impact velocity is equal to 80% of the fallspeed, and the surface temperature can be
expressed as (Ziegler, 1985)
(72)

where Dw is the “just wet” diameter which is deﬁned by Eq. (85). The values of aρ and bρ
are 0.33 and 0.44 respectively for the Heymsﬁeld and Pﬂaum formula, and 0.11 and 0.76
for the Macklin relationship.
The Newton-Raphson iterative method is employed in the calculation of D1xy. Setting the
rime density equal to that of the new particle class formed by the conversion process and
converting all quantities in (71) to cgs units, we may proceed as follows
(73)

with
(73b)

(73c)

Following Ferrier (1994), D2xy is given by
(74)
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where
(75)

The ﬁnal form of the riming conversion process can now be written as
(76)

(77)
QXACWX = QXACW – QXACWY
where QXACW is given by (69). The expressions which describe the rate rimed
hydrometeors are converted from species x to species y are written as
(78)

(79)

Riming conversion requires that D1xy < D2xy and D2xy > 0.02 cm. If these conditions are
not met, the riming conversion terms QXACWY, QWACXY, and NWACXY are set to zero
and QXACWX is given by (69).
o) Collection of cloud ice crystals by type x ice - We have already discussed rain collecting
cloud ice [Eqs. (48)-(49)]. Similar expressions resulting for collection of cloud ice by
precipitating ice are given by (x = s, g, or h).
(80)
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(81)

where
(82)

with Esi1 = 0.25, Esi2 = 0.05, and Dsi = 0.004 cm (Ferrier, 1994). A similar expression is
used for the collection efﬁciency of particles of type x for type y particles (x = g, h; y =
i,s); this may be written as
(83)

with Exy1 = Exy2 = 0.1, and (Exy)wet = 1 is assumed for the collection of cloud ice and snow
by particles in wet growth.
The “just wet” diameter in (83), which has been referred to earlier, is calculated from heat
balance considerations. This heat balance may be written as
(84)

where Lf is the latent heat of fusion, Cw is the speciﬁc heat of water, Tc is the Celsius
temperature, Fx is the ventilation effect, and qvso is the water vapor saturation mixing ratio
at 0°C. The ventilation effect is given by
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where Ax = 0.78 and Bx = 0.31. Rearranging (84) and deﬁning

we obtain a quadratic equation in terms of Dx(1+bx)/2 . Then the ﬁnal expression for the
“just wet” diameter is
(85)

p) Interaction of rain with precipitating ice forms - The collection of rain by type x ice
where x = s, g or h involves double integrals of the form
(86)

(87)

Evaluation of these integrals is complicated because of the absolute value of the differences
in fallspeeds within the integrals. Ferrier (1994) averts this problem by employing lookup
tables based on numerical solutions to portions of (86) and (87). In our application, we
shall employ what has been termed the “Wisner approximation” for which the difference
in fallspeeds is taken outside the double integral and replaced by the absolute value of
the difference in mass-weighted or number-weighted mean fallspeeds of the interacting
particle types. Mizuno (1990) and Murakami (1990) offer alternative formulations for
expressing the velocity difference which avoid the inaccuracies generated as the two
fallspeeds become nearly equal. We will explore the possibility of using such corrected
formulations later, but will settle for the “Wisner approximation” for now. Applying this
approximation, and integrating (86) and (87) with Exr = 1 we obtain

233

(88)

(89)

For interactions involving snow or graupel with rain, we calculate the corresponding
terms of rain accreting snow or graupel which are given by
(90)

(91)

The result of these interactions may be the same ice class involved in the interaction (as
is always the case for hail accreting rain), or a different type ice if the resulting particle
has markedly different density. In our application we shall perform the partitioning for
rain/graupel and rain/snow interactions based on a mean density given by
(92)

For rain/snow interactions the partitioning is as follows
For
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(93)

while for
(94)

For rain/graupel interactions, the partitioning is
(95)

Appropriate changes to the number concentrations are also applied. Ferrier suggests the
following formulations
(96)
NRACXY = (Nx / qx ) · QRACXY
(97)

where
(98)

Ferrier found that the factor Rz was necessary to avoid unrealistic increases in radar
reﬂectivity associated with conversion from the rain shape parameter to that for type y
ice.
q) Collection of snow by graupel and hail - Ferrier (1994) formulated this process such
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that a portion of the collector spectra collects snow at the dry growth rate while another
portion collects snow at the more efﬁcient wet growth rate. The derived rates depend on
the “just wet” diameter (Eq. 85) of the collecting species x (x = g or h). Ferrier also used
a series of lookup tables in the calculation of these rate expressions. As was noted in the
previous subsection, we shall employ the Wisner approximation in our formulation of the
rate expressions which are written as
(99)

(100)

where
(101)

(102)
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Performing the integration, (101) and (102) are written as
(103)

(104)

r) Deposition/sublimation of precipitating ice - The rate of depositional growth or
sublimation for precipitating ice of type x (x = s, g or h) is expressed as
(105)
QXDEP = 4� Si nox VENTx / ( Ai + Bi )
where
(106)

with other quantities as deﬁned in the presentation of (39). Changes in number
concentration associated with sublimation only are given by
(107)
NXDEP = ( Nx / qx ) · QXDEP
Related rates are determined for evaporation of precipitating ice at temperatures above
0°C. The mass rate expressions are
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(108)
QXEVP = 2�ψ [qv- qvso ] nox VENTx
where qvso is the water vapor saturation mixing ratio at 0°C. The change in number
concentration is calculated as
(109)
NXEVP = ( Nx / qx ) · QXEVP
s) Freezing of water accreted by precipitating ice, and the shedding of excess liquid as
rain - The formulation applied here is similar to that employed by Ferrier (1994), but our
scheme differs from his in that we do not treat mixed-phase particles since this would
require three additional ﬁeld variables. We may allow for mixed-phase particles later.
The rate of freezing of liquid water onto precipitating ice of type x (x = s, g, or h) is given
by
(110)
QXFRZ = min (XFZ1, XFZ2)
where XFZ1 is the maximum freezing rate onto type x ice which is controlled by the rate
that heat is dissipated to the environment by evaporation and conduction, and XFZ2 is the
rate at which liquid available for freezing is collected. The speciﬁc form for terms XFZ1
and XFZ2 for snow, graupel, and hail, respectively are
(111)
SFZ1 = (1 − ∆t · QWACSG/qs) · QSFZ
(112)
SFZ2 = QSACW + QSACRS
(113)
GFZ1 = (1 − ∆t · QWACGH/qg) · QGFZ +∆t {QRFZ · QSACRG/qr + QSFZ ·
QWACSG/qs + QHFZ · QWACHG/qh}
(114)
GFZ2 = QGACW + QGACRG + QSACRG + QSACWG + QHACWG
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(115)
HFZ1 = (1 − ∆t · QWACHG/qh) · QGFZ +∆t {QRFZ · (QIACR + QSACRH +
QGARCH)qr + QGFZ · QWACGH/qg}
(116)
HFZ2 = QHACW + QHACR + QIACR + QSACRH + QGACWH + QGACRH
The quantities QXFZ (x = r, s, g or h) represent the freezing rates derived from heat
balance considerations. They are
(117)
QRFZ = min [qr/∆t, max (0, X1 nor · VENTr)]
(118)
QSFZ = max (0, X1 nos · VENTs + X2 · QSACI)
(119)
QGFZ = max [0, X1 nog · VENTg + X2 · (QGACI + QGACS)]
(120)
QHFZ = max (0, X1 noh · VENTh + X2 · (QHACI + QHACS)]
where X1 , X2 , and X3 are given by
(121)

and VENTx is given by Eq. (106).
Shedding of excess accreted liquid which cannot be frozen is simply the rate at which
liquid is accreted minus the rate at which it is frozen and may be expressed as
(122)
QXSHD = XFZ2 − QXFRZ
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The change in number concentration associated with shedding is given as
(123)
NXSHD = (Nx/qx) · QXSHD
t) Melting of precipitating ice and shedding of excess liquid - As in Lin et al. (1983) and
Ferrier (1994), the melting of precipitating ice of type x (x = s, g or h) may be written as
(124)
QXMLT = − min [0, X3nox · VENTx − CwTc (QXACW + QXACR ) /Lf ]
The shedding of the melted ice and excess water accreted during melting is given by
(125)
QXSHD = QXMLT + QXACW + QXACR
The change in number concentration associated with this shedding process is given by
(123). These expressions give the change in number concentration of the ice species.
The corresponding change in raindrop concentrations is more problematic. A one to one
correspondence will probably be sufﬁcient for snow and perhaps graupel. That from
hail will no doubt require multiple raindrops per unit change in shed ice concentrations.
Rasmussen and Heymsﬁeld (1987a,b) may provide guidance for this, or one may have to
go back to the underlying experiments of Rasmussen et al. (1984a,b).
Summary of Microphysical Rates
The total or net microphysical rate applied to the mixing ratio of each phase and class of
water substance in the appropriate continuity equations are as follows:
(126)
∂ qv/∂ t = − QCND − QCNUC − QREVP − QSEVP − QGEVP – QHEVP − QIDEP −
QSDEP − QGDEP − QHDEP − QINT
(127)
∂ qc/∂ t = QCND + QCNUC − QRAUT − QRACW − QSACW − QGACW−
QHACW + QIFM − QIFZ
(128)
∂ qr/∂ t = QRAUT + QRACW + QREVP + QSSHD + QGSHD + QHSHD − QIACR
− QSACR − QGACR + QHACR
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(129)
∂ qi/∂ t = QIFZ − QIFM + QIDEP − QRACI − QSACI − QGACI − QHACI− QICVS
+ QIHMG + QIHMH
(130)
∂ qs/∂ t = QICVS + QSACWS + QSACRS + QSEVP + QSDEP+ QSACI − QWACSG
− QGACS − QHACS − QRACS − QSSHD
(131)
∂ qg/∂ t = QGEVP + QGDEP + QSACWG + QWACSG − QWACGH+ QHACWG +
QWACHG – QIHMG + QRACSG + QGACI+ QSACRG − QRACGH + QGACS −
QGSHD
(132)
∂ qh/∂ t = QHEVP + QHDEP + QIACR + QRACI + QHACI + QHACWH+ QGACWH +
QWACGH − QWACHG − QIHMH + QRACSH+ QSACRH + QRACGH + QGACRH
+ QHACS + QHSHD
The corresponding terms for number concentration are
(133)
∂nc/∂ t = NCNUC − NCSCC − NRACW − NSACW − NGACW − NHACW+ NIFM
− NIFZ
(134)
∂ nr/∂ t = NRAUT − NRSCR + NREVP− NIACR − NSACR − NGACR−NHACR +
NSSHD + NGSHD + NHSHD
(135)
∂ ni/∂ t = NINT + NIFZ − NIFM + NIDEP − NRACI − NSACI − NGACI− NHACI −
NIACI − NICVS + NIHMG + NIHMH
(136)
∂ ns/∂ t = NSCVS + NSDEP + NSEVP − NWACSG − NRACSG− NRACSH − NGACS
− NHACS − NSACS − NSSHD
(137)
∂ ng/∂ t = NGDEP + NGEVP + NWACSG − NWACGH + NWACHG + NSACRG −
NRACGH − NGSHD
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(138)
∂ nh/∂ t = NHDEP + NHEVP + NWACGH − NWACHG + NIACR + NSACRH +
NGACRH − NHSHD
The associated changes in the potential temperature are
(139)
∂ θ/∂ t = [Lv(1 + θ*) / (CpTe)] (QCND + QCNUC + QREVP + QSEVP + QGEVP +
QHEVP)
+[Ls(1 + θ*) / (CpTe)] (QIDEP + QSDEP + QGDEP + QHDEP +
QINT) + [(Lf (1 + θ*) / (CpTe)] (QIFZ + QSFRZ + QGFRZ + QHFRZ – QIFM
– QSMLT – QGMLT – QHMLT)
Value of Select Parameters
A listing of several parameters for the new microphysical scheme follows. Many of these
values are based on Ferrier (1994) for our initial tests, and some of these will no doubt
carry over whereas others will likely be changed in various applications.
Table 5.12. Hydrometeor type speciﬁc parameters.

Parameter

Cloud
Water

Rain

Cloud
Ice

Snow

Graupel

Hail

αx

4

2.5

0

0

0

0

ax

---

2115

336

129.6

351.2

1438

bx

---

0.8

0.6635

0.42

0.37

0.5

Cx

πρw/6

πρw/6

0.44

πρs/6

πρg/6

πρh/6

Dx

3

3

3

3

3

3

ρx

1.0

1.0

0.1

0.1

0.4

0.9

The value of fr in Eq. (5) is 0 in these initial tests.
Table 5.13. Cohard and Pinty CCN activation spectra parameters.

C

k

µ

β

Clean air

1104

2.07

1.90

6.84

Polluted air

1865

0.86

1.50

6.80

Also, in Bigg’s freezing function (Eqs. 25-28), A′ = 0.66, B′ = 1.E-4.
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5.6.6b

Conversion of Model to MPI (Message Passing Interface)

A primary objective of the model development branch of the UAE project was to convert
the model to run efﬁciently for massively parallel processors (MPP) architectures. This
allows us to run this model on the 14-node Linux cluster purchased for this project and
other MPP systems.
Communication between processors employs the Message Passing Interface (MPI)
paradigm, which is the most widely used standard for implementation of message
passing. The bulk of the message-passing workload was accomplished by point-to-point
communication using MPI_SEND and MPI_RECV. These standard MPI subroutines
were called by a number of new subroutines that were developed to perform speciﬁc
aspects of the data communication between processors. There are three general types of
communication required by the model depending on the type of data being communicated
and the level of grid nesting. In order to facilitate this discussion, it is necessary to
introduce some basic deﬁnitions regarding our implementation of grid nesting.
The term “virtual nesting” refers to the decomposition of a single large physical domain
into numerous subdomains with the same horizontal resolution. The single large physical
domain is referred to as a “layer”. A layer is represented by a set of virtual subdomains
that are treated simultaneously by parallel processors. A layer may be nested within a
coarser resolution “parent” grid and/or contain a ﬁner resolution “child” grid. In general,
these different generations of grid layers are also subdivided into a number of virtual
subdomains. Clark and Hall (1991) describe the virtual nesting procedure in greater
detail, whereas more information on the “parent/child” interactive grid nesting procedure
is given in Clark and Farley (1984).
The three general types of data communication required by the model will now be
described. These are the passing of boundary condition information between virtual
model domains of the same horizontal resolution; the passing of data between parent/child
grid layers which employ different horizontal and/or vertical resolutions; and a transpose
procedure to reorder pressure data to treat the decoupled horizontal Helmholtz equations
which arise in the solution of the elliptic equation for pressure (which is a consequence of
the anelastic approximation used to eliminate sound waves).
In order for the virtual nesting scheme to work, there must be sufﬁcient communication
of data between processors such that the ﬁnite difference operators used in numerical
approximations to the various physical processes are transparent across virtual boundaries
or seams. This is accomplished for the most part by a new subroutine named MPI_BC_
PASS that calls MPI_ARR_CP that in turn calls the standard MPI subroutines MPI_
SEND and MPI_RECV, which perform the actual data communication. Special provisions
required to treat the horizontal spatial ﬁlters are performed by another new subroutine
named MPI_BC_FILT.
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Computations and data ﬂow required to implement interactive parent/child nesting of grid
layers within the MPI framework are performed by several new subroutines. Subroutine
MPI_F2C was developed to project the solution of the ﬁner resolution (child) grid layer
represented on a certain set of processors back onto another, usually different, set of
processors representing the coarser resolution (parent) grid layer. In general, both spatial
and temporal interpolation of the coarse parent grid layer data is required to calculate
the boundary conditions for the ﬁner child grid layer. In the MPI implementation, these
tasks are performed by subroutines MPI_BCGEN and MPI_BCDRIVE. For both MPI_
BCGEN and MPI_F2C, actual data communication is accomplished by subroutine MPI_
ARR_CP1.
The pressure solution requires some specialized communication of data between
processors. The mass ﬂux adjustment applied to future normal velocities that are used to
derive the Neumann pressure boundary conditions require a gather/scatter procedure that
is accomplished by two new subroutines MPI_BC_GATHER and MPI_BC_DISPERSE.
The transpose procedure used to reorder pressure data for the decoupled horizontal
Helmholtz equations and invert the transformed pressure back after solution are performed
by two additional new subroutines MPI_TRANS1 and MPI_TRANS2 respectively.
The robustness of the new code was veriﬁed by subjecting the model to a series of random
number symmetry tests that detect virtually all indexing errors. This was a continuing
process and the different portions of the MPI implementation of nesting were included in
the symmetry tests as they became available. The new code was also tested on a variety of
physical applications and model conﬁgurations as new material was developed.

5.6.6c

Simulation of a Test Case to Evaluate the Scheme

Introduction
The objective of this project is the development of a new microphysical scheme designed
speciﬁcally for numerical simulations of seeding with hygroscopic ﬂares. A basic
requirement is that it be able to provide realistic treatment of hydrometeor development
as a consequence of the nucleation characteristics of background and seeding aerosol
populations. To accomplish this task we have developed a highly parameterized scheme
that predicts both number concentration and mixing ratios for six classes of hydrometeors;
cloud water and rain represent the liquid portion of the spectra whereas the ice portion is
represented by cloud ice crystals, snow, graupel and hail. This new scheme is embedded
in the three-dimensional cloud model developed by Terry Clark and associates and is to
be used to increase understanding of the microphysical and dynamic response of clouds
and cloud systems to hygroscopic seeding. We also plan to implement this scheme into
the WRF model.
The early stages of the microphysical model development for the UAE project were
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performed using a two-dimensional framework. The later half of 2004 and most of 2005
have been applied to the conduct and analysis of three-dimensional simulations using the
new microphysical scheme and comparisons to results obtained using the parameterization
scheme of Lin et al. (1983), which I co-authored. This effort has been augmented by
support from the North Dakota Atmospheric Resource Board under support provided
by the Weather Damage Modiﬁcation Program administered through the Bureau of
Reclamation. These studies have focused on three dimensional simulations of the North
Dakota Tracer Experiment case of 1 July 1993. This case was chosen for study because it
had been simulated with earlier versions of the model code, and, due to its severe nature,
all physical processes modeled should be active to some degree. In addition, it provided a
good test case for the model to evaluate the performance of the new scheme and compare
it to older schemes. An Extended Abstract describing these studies was prepared for the
American Meteorlogical Society 16th Conference on Planned and Inadvertent Weather
Modiﬁcation in San Diego, California in January 2005. The basic premise of these
comparisons is that the results for the continental case using the new scheme should be
roughly comparable to the results obtained with the Lin scheme whereas comparison of
continental and maritime cases with the new scheme should provide some measure of
assessment of the sensitivity of the new scheme to different aerosols.
Description of the New Parameterization Scheme
The basic requirement of the new microphysical scheme applied in this study is that it
be of sufﬁcient breadth and detail to allow model simulations which reproduce the basic
character and evolution of naturally-occurring clouds and cloud systems while treating
the nucleation of aerosols in enough detail that the warm rain process and hygroscopic
seeding can be realistically simulated. This new scheme is embedded in the threedimensional cloud model developed by Clark and associates (Clark, 1977; Clark, 1979;
Clark and Farley, 1984; Clark and Hall, 1991). The Clark model has recently undergone
an extensive recoding effort to allow for efﬁcient calculation on multiple processor
environments using the Message Passing Interface (MPI) paradigm.
The new scheme includes the following features:
1. Nucleation of both natural and artiﬁcial aerosols is treated directly, with explicit
prediction of supersaturation.
2. The warm rain process is treated in sufﬁcient detail that development of drizzle
and rain is a function of the cloud droplet distributions produced by activated
aerosols.
3. Six hydrometeor classes are used; cloud water and rain deﬁne the liquid water
spectra, while the ice particle spectra is divided into four classes - ice crystals,
snow, graupel, and hail.
4. Two moments of the size distribution, number concentration and mixing ratio,
are predicted for each hydrometeor class, with the particle size distributions
generalized as gamma distributions (of which exponential distributions are a
special case).
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Each hydrometeor class interacts with water vapor and the other hydrometeor classes
through a series of idealized representations or parameterizations of the various physical
processes which comprise the scheme. These include the physical processes of nucleation
of cloud condensation nuclei, condensation/evaporation, collision/coalescence including drop breakup, both homogeneous and heterogeneous nucleation of ice crystals,
deposition/sublimation, collision/aggregation, accretion, freezing, melting and shedding,
and ice multiplication via the rime splintering mechanism.
The treatment of nucleation of CCN is based on Cohard et al. (1998). Warm rain processes
are based on the treatment of Cohard and Pinty (2000), who have extended the work of
Ziegler (1985) which in turn was based on Berry and Reinhardt (1974) and Long (1974).
This improved representation of nucleation and warm rain processes is vitally important
for physically-based simulations of seeding with hygroscopic ﬂares.
The treatment of ice is also improved in the new scheme using a formulation similar to
the double-moment four-class ice scheme developed by Ferrier (1994). Unlike Ferrier’s
formulation, our scheme does not allow mixed-phase particles (ice particles with water
coatings). Among the novel attributes of Ferrier’s treatment which are retained in our
new scheme are the modiﬁed collection kernels used to prevent overcounting during drop
freezing either by probabilistic or contact freezing and a physically-based rationale for
partitioning between various ice classes for three-component accretion processes and
conversion during riming.
Ferrier’s formulation used a series of look-up tables to evaluate some of the complicated
rate expressions, such as one form of precipitation interacting with another. Our scheme
avoids the use of such tables, relying instead on the use of correction factors to avoid
singularities resulting from simplifying approximations commonly applied to speciﬁc
terms or factors in derivations of rate expressions (Mizuno, 1990; Murakami, 1990).
Ferrier (1994) also suggests that changes in number concentration due to a variety of
processes be proportional to changes in mixing ratio. We have found it preferable to
use physically-based rate expressions for changes in number concentration whenever
possible.
Implementation Consideration
During the development of any new scheme there is frequently a period of time devoted to
becoming familiar with eccentricities and sensitivities of the new formulation. Performing
simulations of a variety of situations ranging from weak to strong convection facilitates
the process, both in terms of eliminating coding or conceptual errors and in developing
constraints to control anomalous behavior. Unfortunately, constraints to control anomalous
behavior are seldom addressed in the literature. An example of such aspects uncovered in
initial tests with the new scheme is in its treatment of the autoconversion process.
The autoconversion formulation described by Cohard and Pinty (2000) is based on the
earlier work of Berry and Reinhardt (1974). Berry and Reinhardt’s parameterization of
246

the autoconversion of cloud water to form rain is based on a characteristic liquid water
content acting over a characteristic time scale. These two quantities are functions of the
liquid water content, and the mean diameter and standard deviation of the cloud droplet
distribution. Initial applications of the new scheme revealed a tendency for autoconversion
to occur in the peripheral cloud regions characterized by low water contents and/or
number concentrations even though autoconversion was only allowed to occur if the
mean diameter and standard deviation were within acceptable ranges. Unrepresentative,
but acceptable values of mean diameter and/or standard deviation in these regions are an
unpleasant result of the mismatch in transport of mixing ratio and number concentration.
These anomalous predictions of autoconversion occurred in spite of constraints applied
to derived distribution parameters such as the slope. Subsequent testing revealed that the
anomalous autoconversion could be eliminated by allowing the autoconversion process
to occur only in cloud regions having a characteristic time scale less than some reasonable
value, such as 1000 seconds. It is worth noting that this is the characteristic time scale of
small cumulus clouds.
Results
In the discussion which follows we compare results of simulations performed with the
new scheme and with the widely used Lin et al. (1983) IAS scheme. The simulations are
applied to the 1 July 1993 severe hailstorm case from the North Dakota Tracer Experiment.
We have chosen this case because it was a focus of earlier simulations using the Lin et al.
scheme (Krcil, 1996), and, due to its severe nature, all physical processes modeled should
be active to some degree. We hope to complete additional cases, especially weaker storms
from more recent ﬁeld operations, in time for the conference presentation. Simulations
using the new microphysical scheme are compared to results obtained using the older
IAS scheme, and to observations, to evaluate the performance of the new scheme. The
rationale for comparing results of the new scheme with the results obtained with the older
Lin et al. scheme is that this older scheme is well established and has been shown to
produce reasonable results compared to observations for a wide variety of cases.
The two microphysical parameterization schemes used in this study model similar
physical processes, but the treatment of the processes differ, sometimes quite markedly.
This is especially true for mechanisms for generating the different ice species and
conversion from one ice species to another. The new scheme has four ice classes (ice
crystals, snow, graupel, and hail) whereas the Lin scheme has three - ice crystals, snow,
and a combined ﬁeld termed graupel/hail. The parameters characterizing the graupel/hail
ﬁeld can be adjusted to represent either graupel or hail depending on which best ﬁts the
conditions being simulated. For the simulations reported here, the graupel/hail ﬁeld is
more representative of hail. The Lin scheme is a single moment scheme predicting mixing
ratio for each hydrometeor species whereas the new scheme is a two-moment scheme
predicting both mixing ratio and number concentration for all hydrometeor classes. The
Lin scheme uses the “Fletcher curve” to represent ice nuclei whereas the new scheme
uses an expression due to Cooper (1986). The ice classes in the new scheme follow
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exponential size distributions (gamma distribution shape parameter is zero) whereas
the liquid classes follow gamma distributions with shape parameters of 4 and 2.5 for
cloud water and rain respectively. Two realizations of the new scheme are presented, with
CCN activity spectra representative of maritime (case NM) and continental (case NC)
aerosols. Case NM produces maximum cloud droplet concentrations of 170 cm-3 while
the maximum cloud droplet concentration for case NC is 770 cm-3. The Lin scheme (case
LS) assumes a cloud droplet concentration of 600 cm-3.
The general character and evolution of the dynamic and large scale features of the
convection are similar in all three cases. As can be seen in Figure 5.62, the maximum
vertical velocities are in close agreement for the ﬁrst 40 minutes of the simulations. They
drift apart in the later stages such that the old and new scheme runs are out of phase
after 60 minutes. This is due to pronounced differences in the partitioning of water mass
among the hydrometeor species between the old and new schemes, especially for the ice
classes. The Lin scheme indicates much more non-precipitating water mass transported
to upper levels and more extensive anvils.

Figure 5.62. Time evolution of the maximum vertical velocities for the three cases. Results for case
LS are given by the solid line, case NC by the short dashed line, and that for case NM by the long
dashed line.

Figure 5.63 displays the time evolution of maximum mixing ratios for the different
hydrometeor species. Throughout most of the period shown, case LS indicates intermediate
values of cloud water, with case NM indicating lower values and case NC higher values in
the early stages prior to 40 minutes. For rain, case NM indicates greater values throughout
the period, case NC indicates intermediate values throughout most of the time period,
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and LS indicates much lower values for much of the time period. It is interesting that LS
and NC indicate similar rain values in the earliest stages and again near the end of the
simulation. Both cases using the new scheme indicate markedly lower maximum values
for cloud ice and snow than LS, with case NM indicating the lowest values. For graupel,
both NM and NC indicate comparable values throughout the simulated period, but much
less than the combined graupel/hail ﬁeld of case LS. Cases NM and NC also indicate
comparable values for maximum hail mixing ratios which are much greater than for case
LS for most of the simulation except the later stages.

Figure 5.63. Time evolution of the maximum mixing ratio values for the various hydrometeor
classes for the three cases. Line patterns have the same designations as in Figure 5.62.

Figures 5.63 and 5.64 compare the vertical proﬁles of the horizontal means of the various
hydrometeor classes for the three cases. The results shown are taken at 50 minutes, but
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are representative of the vertical distribution of water forms throughout much of the storm
evolution. The maximum cloud water is near 6 km for case LS, between 4 and 6 km for
case NC and near 4 km for case NM. Although the shape of the vertical proﬁles of cloud
water are similar in the cases, the LS and NC have about 60% of the values shown for LS.
Case NM indicates much lower cloud water values above 4 km than either of the other
cases. The vertical distribution of the cloud ice ﬁeld has the same general shape in all
three cases, with maximum values between 10 and 11 km. Case LS indicates much higher
values. Note the different scales for the three cases which could result in misleading
impressions on casual inspection. The two cases with the new scheme indicate higher
cloud ice contents below 7 km; this is a reﬂection of the differences in the Cooper and
Fletcher IN spectra. The vertical distribution of the total cloud ﬁeld (cloud water plus
cloud ice) indicates most of the non-precipitating water mass is in the anvil for case LS
with much lower values at upper levels for both cases with the new scheme. Careful
inspection of proﬁles reveals that case LS indicates higher values for much of the liquid
portion of the clouds as was noted earlier.
The vertical proﬁles of the precipitating hydrometeor species (Figure 5.64) also show
pronounced differences between the Lin scheme and the two cases with the new scheme.
For rain, all three cases indicate a region of signiﬁcant rain between 4 and 5 km, although
cases NM and NC both indicate maximum values near the surface. Case LS indicates less
rain than either of the cases for the new scheme, with case NM indicating more rain than
case NC as expected. Cases NM and NC both indicate the maximum snow is near 10 km,
while case LS has its maximum snow near 7 km. The maximum mean snow for case LS
is about six times that of case NC which in turn is about a factor of two greater than case
NM. The vertical distribution of the graupel and hail ﬁelds are similar for cases NM and
NC. Case LS indicates a similar height for the maximum graupel/hail contents but greater
values at upper levels. Graupel contents for cases NM and NC are much lower than the
graupel/hail ﬁeld in case LS. Although the Lin scheme indicates greater hail contents at
mid and upper levels, cases NM and NC indicate more hail at lower levels.
At earlier times the cloud water and rain for case NC and case LS display similar vertical
structures. In the extreme later stages of the simulations the vertical structure of the rain
and hail ﬁelds are similar in all three cases. In general, both cases with the new scheme
are more efﬁcient in converting cloud water into precipitating hydrometeor forms than
the Lin scheme, hence less water is transported to the anvil.

Summary and Conclusions
Some of the speciﬁc signiﬁcant improvements in the performance of the new microphysical
scheme for the results shown in the poster will now be summarized. The implied
improvements are most evident in the results for case NC, while the tendencies seen
for case NM are more troublesome, being weaker than for case NC when of the proper
sense. Unfortunately, some aspects of the new results for case NM indicate degraded
rather than improved performance. Overall precipitation development has been slowed
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and made less efﬁcient in the more recent cases. One obvious sign of this is the improved
representation of thunderstorm anvils as seen in the vertical proﬁles of cloud ice and total
cloud in Figure 5.64.

Figure 5.64. Vertical proﬁles of the horizontal mean values of mixing ratio g/kg for the nonprecipitating hydrometeor classiﬁcations at 50 minutes. The top row of panels gives the results
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for case LS, the middle row gives the results for case NC, and the lower row of panels gives the
results for case NM. Comparison of the results for the three cases is complicated by the fact that the
horizontal scale can vary from one case to another for a given hydrometeor class.

Figure 5.65. As in Figure 5.64, but for the precipitating hydrometeor classes.

This is a direct result of less efﬁcient development of the various forms of precipitation
resulting in more water being transported to the anvil. Reduced development of rain in
case NC is seen in the early stages of the time evolution of the maximum values (Figure
5.63), and less rain is indicated aloft and near the surface of the rain vertical proﬁles for
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both new cases in Figure 5.65. The new results also indicate a shift in the partitioning
between graupel and hail, with case NC indicating a predominance of hail whereas the
NM case shows a preference for graupel formation. This is the anticipated result of the
bulk of the modiﬁcations and corrections that have been applied to the new scheme and
seems to capture the generally accepted sensitivity to continental and maritime conditions.
Although the new results indicate a promising shift (i.e., better agreement with case LS)
in the height of major snow region in the newer results, the extremely low values of cloud
ice and snow for case NM are difﬁcult to justify and indicate that additional reﬁnements
are needed. It is hoped that any improvements seen in these two ﬁelds for maritime
conditions would also lead to enhanced snow amounts in the continental cases.
Plans for the future include continuing analysis of recent simulations and additional
numerical experiments on UAe clouds as reﬁnements to the scheme are implemented.
The partitioning of water mass between the snow and graupel classes appears to need
additional work, and alternative forms to the current radar reﬂectivity calculation are
being investigated. The most pressing issue to be addressed is the current tendency for
extremely low values of cloud ice and snow in the maritime cases.
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Section 6

AEROSOL &
MICROPHYSICAL
STUDIES

Aerosol & Microphysical Studies
6.1

IMPACTS OF AEROSOL AND TRACE GASES ON PRECIPITATION

The atmosphere is made up of a combination of gaseous constituents and aerosol particles.
Gases such as N2, O2, Ar, He, Ne, Kr, and Xe are present in the atmosphere in quasiconstant proportions up to about 85 km. Other gases such as, CH4, O3, N2O, CO, CO2,
and H2 vary slowly in the atmosphere, while gases such as SO2, H2S, NO, NO2, and NH3
vary rapidly in time and space due to their highly reactive nature. These gases all have
sources and sinks that determine their local and regional concentrations in the atmosphere
(Pruppacher and Klett, 1978; Warneck, 1988). Investigations of trace gases and their
associated aerosols in the atmosphere are important for two reasons: 1) their inﬂuence on
climate and clouds, and 2) their health and environmental impacts. Our focus here is their
effect on clouds because aerosol particles affect the radiative properties and precipitation
efﬁciency of clouds. The background pollution levels will also impact the efﬁciency of
rainfall enhancement via cloud seeding with hygroscopic ﬂares.
Aerosol particles are injected into the atmosphere from either natural or anthropogenic
sources. Aerosols also form in the atmosphere through gas-to-particle conversion. Dry
aerosol particles can be classiﬁed into three sizes categories, nucleation or Aitken mode
particles (radii < 0.1 µm), large or accumulation mode particles (0.1 < radii < 1.0 µm)
and giant particles (radii > 1.0 µm) (Pruppacher and Klett, 1978). Atmospheric aerosols
are signiﬁcant in regional pollution and global radiative forcing. Potential radiative
forcing and the efﬁciency of clouds to develop precipitation are complex functions of the
size, chemical composition and other physical properties of aerosols. Within the climate
change debate, the perturbing effects of forcing due to anthropogenic aerosols are of
particular concern (Shine et al., 1990). Penner et al. (1994) subdivided anthropogenic
aerosols into four types and gave their main source and respective forcing mechanisms
(see Table 6.1).
The effects of aerosols as agents of signiﬁcant climatic perturbations have received
increasing attention over the past decade (Charlson, 1990; Penner et al., 1992). Penner
et al. (1994) estimated that the combined effects of anthropogenic and biomass burning
aerosol emissions may cause a clear sky climatic forcing which is nearly equal in
magnitude but opposite in sign (i.e., cooling) to the predicted greenhouse gas warming
phenomenon. In addition, aerosols can also change the thermodynamic structure of the
atmosphere and therefore atmospheric stability and associated cloud development.
Aerosols are thought to affect climate in two ways: directly through the scattering of
incoming solar radiation and indirectly through changes to cloud microphysical processes.
Carbonaceous aerosols also absorb solar radiation and re-radiate it as heat. This has
the potential of changing the vertical thermodynamic structure of the atmosphere. The
absorption properties of aerosols are linked to the characteristics of the underlying surface.
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Absorption of solar radiation is more likely to occur above those surfaces with highly
reﬂective properties, such as clouds and snow. Twomey (1977) estimated that underlying
surfaces with an albedo of around 0.75 or more cause signiﬁcant absorption by aerosols.
Table 6.1. Key anthropogenic aerosol types, their main sources and the possible climate forcing
resulting from their presence in the atmosphere (Penner et al., 1994).

Anthropogenic aerosol
type

Main sources

Forcing mechanisms

Water-soluble inorganic
species – especially
sulphate

Industrial fossil fuel
burning, domestic fuel
usage and transportation

a) Direct clear sky
backscattering of solar
radiation
b) Indirect effect of CCN on
cloud albedo
c) Indirect effect of CCN on
cloud lifetime

Elemental or black
carbon

Industrial fossil fuel
burning, domestic fuel
usage, transportation and
biomass burning

a, b and c

Organic species

Industrial fossil fuel
burning, domestic fuel
usage and transportation

d) Absorption of solar
radiation

Mineral dust

Enhanced airborne
mobility of soil due to
land degradation

a, b, c, d and
e) absorption and emission
of terrestrial radiation

The indirect forcing of climate through cloud processes is complex and not well known.
An increase in the total number concentration of particles in the accumulation mode at a
given liquid water content, results in a decrease in the mean droplet radius in the cloud
and a corresponding increase in the cloud albedo. Charlson et al. (1992) calculated that a
30% increase in the cloud droplet number would result in a 0.02 increase in the planetary
albedo and a subsequent decrease in the mean surface temperature of approximately
1.3° C. In addition, the smaller cloud droplets will have the effect of a less efﬁcient
precipitation process in clouds.
Aerosols can decrease precipitation efﬁciency of clouds by inhibiting the warm-cloud
coalescence mechanism (cloud droplet collisions), thus increasing cloud liquid water
content and fractional cloud cover. This effect inﬂuences mainly low-level clouds where
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scattering of incoming solar radiation is expected to dominate over the potential of
absorbing long wave radiation from the ground, resulting in a net cooling. An increase of
4% low cloud cover will increase the global albedo by 0.02 (Albrecht, 1989).
Other inﬂuences of increased aerosol concentrations are modiﬁcations of water and heat
distribution in the atmosphere and thus the hydrological cycle as a whole. Water vapor is
an important greenhouse gas, which if changed will have signiﬁcant climatic implications.
Indirect effects of aerosols on climate are complicated and associated with great
uncertainties. At present, a concerted effort is directed to reducing these uncertainties by
making in-situ measurements of aerosols and CCN concentrations and size distributions
to determine their effects on clouds, rainfall efﬁciencies and planetary albedo (Albrecht,
1989; Hudson, 1991; Mather et al., 1997; Menon and Saxena, 1998; Terblanche et al.,
2000). These effects are also being simulated in general circulation models to better
understand their impacts and the uncertainties associated with current understanding.
Boucher et al. (1995), for example, introduced cloud microphysical processes into a
general circulation model to investigate the sensitivity of the model to cloud droplet
concentrations. They found that a fourfold increase in cloud droplet concentrations would
lead to a 10% increase in the amount of cloud water stored in the atmosphere at any given
time. This is caused by a reduction in mean cloud droplet size and thus an inability of
droplets to reach the threshold size at which they will precipitate. The model predicted a
resulting 56.4% increase in global cloud cover that in turn resulted in a 14.4 W m-2 global
short-wave cloud radiative forcing change. At the same time, in this particular model,
the amount of precipitation did not change signiﬁcantly due to these alterations in cloud
microphysics. Different categories of aerosols affect clouds in different ways.
6.2

WATER-SOLUBLE OR HYGROSCOPIC PARTICLES IN THE
ATMOSPHERE

Water-soluble aerosol particles in the atmosphere consist mostly of sulphate derived
from anthropogenic activities. Anthropogenic sulphate in the atmosphere is produced
mostly through gas-to-particle conversion of SO2 emitted from fossil fuel combustion and
metal smelting (Charlson et al., 1992). Sulphate and its associated cations occur in the
atmosphere in the accumulation mode with a peak frequency of occurrence between 0.2
and 0.4 µm aerodynamic diameter (Warneck, 1988; Jaenicke, 1998). Determining SO2
emissions in a speciﬁc region is important in understanding their impacts on clouds through
their CCN activity and subsequently their formation of droplets and precipitation.
Sulphates have the greatest potential to contribute to global aerosol forcing due to the fact
that sulphate aerosols are smaller than dust and sea salt aerosols and thus have a longer
lifetime in the atmosphere (tens of days). Furthermore, the optical-scattering efﬁciencies
of sulphates are an order of magnitude greater than those of dust. Lastly, sulphates are
hygroscopic and therefore have twice the optical scattering per unit mass concentration
as dry particles (White, 1990; Charlson et al., 1992).
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6.3

EFFECTS OF MINERAL OR DESERT DUST ON CLIMATE &
PRECIPITATION

Emissions of crustal aeolian dust material, often termed mineral dust, are caused primarily
by surface winds acting on dry soils where vegetation cover is or has become sparse
(Tegen and Fung, 1995). The term mineral dust refers to a large range of species that are
highly variable in their chemical composition and include such diverse compounds as
quartz, clay, calcite, gypsum, hematite and others. Climate effects due to mineral dust are
complex and diverse, ranging from heating of the atmosphere in some parts of the world
to a net cooling in other parts. Presence of dust alters surface radiation budgets, which
in turn, affects surface temperatures, surface-air exchange processes, thermodynamic
structure and hence atmospheric dynamics (Tegen and Fung, 1995; Sokolik, 1999).
The complexity of the radiative effects of mineral dust on climate is determined by the
uneven distribution of sources and sinks and the relatively short atmospheric life time of
mineral dust (up to a few weeks) which lead to a complex spatial and temporal pattern
(Guerzoni and Chester, 1996; Sokolik, 1999). In addition, when mineral dust exists in
conjunction with other pollutants such as sulphates, the dust particles can be coated with
the sulphate and become more active as CCN. This is especially important for the UAE
region where both sources exist and have a likely impact on the precipitation processes
in clouds. In some instances, the coated dust particles could enhance the precipitation
efﬁciency of clouds, while in others they may have a negative impact. However, our
primary focus during the past winter season was to establish if sulphates exist in abundant
concentrations in the atmosphere to affect the dust particles.
6.4

MEASUREMENTS OF AEROSOLS & CCN IN THE UAE

An initial study has been conducted over the UAE on the distribution of atmospheric
pollutants using airborne measurements of trace gases and aerosols. Instruments were
ﬂown that measured cloud microphysical parameters, aerosol characteristics, and trace gas
concentrations. This suite of instruments combined to provide information about natural
conditions important to cloud and precipitation development. For example, emissions of
SO2 into the atmosphere result in the production of aerosols through oxidation. These
aerosols are formed in the nucleation mode (0.01–0.1 µm) and subsequently grow into the
accumulation mode (0.1-3.0 µm). The CN counter measures the number of particles that
fall within both the nucleation and accumulation modes. Highest concentrations of these
particles were expected to occur in the vicinity of the highest emissions of SO2 in the
UAE region. This is due to the fact that the synoptic condition over the UAE is dominated
by an anticyclonic circulation, with low wind speeds and stagnant air. In addition, the
afternoon and evening sea breeze could bring many of these pollutants onshore from oil
production facilities in the Gulf. CN aerosol concentrations where indeed found to be
highest at identiﬁed SO2 sources as will become evident in the following sections. These
aerosols can be very effective CCN and therefore have the potential to inﬂuence cloud
microphysical processes and rainfall production efﬁciencies.
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Atmospheric air was drawn into the pressurized cabin of the aircraft via an inlet mounted
on the top front of the aircraft. The instruments as well as the inlet are shown in Figure
6.1. Aerosol data include accumulation mode aerosols (0.1 to 3.0 µm) measured by
the PCASP, combined nucleation and accumulation mode aerosols (0.01 to ~3.0 µm)
measured by the CN counter, and CCN measurements. The sampling strategy was to ﬂy
over the entire UAE region to obtain spatial and vertical distributions of the measured
trace gases and aerosols. Vertical distributions of parameters were determined by either
ﬂying in a spiral pattern above a particular site or ﬂying vertical proﬁles along a ﬂight
transect.

Figure 6.1. Aircraft inlet during 2001 (left) and trace gas instrumentation (right). Instrumentation
included NO/NOy (top), Sulphur dioxide (middle) and Ozone (bottom).

The aircraft in-situ data are summarized as composites of the individual ﬂights in order
to represent the distribution of measured species in three-dimensional space. The data
are presented in two formats. The ﬁrst depicts the data in the horizontal dimension
whereas the second attempts to give an idea of how the measured variables are distributed
vertically over the region. The representation of the composite horizontal averages was
analyzed by dividing the UAE region into nine different regions as shown in Figure 6.2.
The composite maxima were interpolated and mapped onto a background UAE map. The
following results are based on all the ﬂights conducted during the winter and summer
periods. This section will only concentrate on the trace gas and aerosol measurements as
they pertains to cloud microphysical and precipitation processes in clouds. Appendix I
addresses the pollution and environmental impacts of these measurements.
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Figure 6.2. Data blocks corresponding to nine different regions in the UAE.

6.4.1

Sulphur Dioxide

Determining SO2 emissions in a speciﬁc region is important in understanding their
impacts on clouds through their conversion to sulphates, CCN activity and subsequent
formation of droplets and precipitation. Pollutants have been shown to be concentrated
around speciﬁc sources located in the UAE. The primary emissions from the various
sources show distinct differences in the nature of the source. Average sulphur dioxide
concentrations are highest at all points in the region where combustion of fossils fuels are
conducted (Figure 6.3). The highest average concentrations of SO2 were concentrated
around the Habshan industrial area and the oil industries in the Arabian Gulf near Das and
Zirku islands. Similar values were observed during the winter and the summer.
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Figure 6.3. Average vertical column SO2 concentrations for the nine different regions in the UAE
during the winter (left) and summer (right) in ppb. Numbers under columns specify concentration
each column represents.

The main industrial activities that are associated with SO2 emissions are easy to identify.
The three sites over the ocean represent out-gassing ﬂares from major oil ﬁelds and
reﬁneries in the Arabian Gulf. The processes inland seem to be associated with processing
of oil in one way or another especially over the Habshan industrial area. The SO2 levels
over other parts of the UAE are most probably advected into these areas from the industrial
areas and vary seasonally and annually. Although these values do not represent ground
level concentrations and are therefore difﬁcult to extrapolate to possible environmental
and human exposures in the various regions, they are sufﬁciently elevated to be concerned
about possible environmental consequences. This becomes very apparent if the maximum
measured SO2 concentrations are evaluated (Figure 6.4 and Figure 6.5).
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2001 SO2 Vertical Column

Figure 6.4. Maximum
vertical column SO2
during the Winter 2001
(top) and Summer
2001 (bottom) in ppb.
Maximum in column
from surface to 3000 m.
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2002 SO2 Vertical Column

Figure 6.5. Maximum
vertical column SO2
during the Winter 2002
(top) and Summer
2002 (bottom) in ppb.
Maximum in column
between surface to 3000
m.

Figures 6.4 and 6.5 clearly show that out-gassing of the oil ﬁelds and reﬁneries together
with the industrial areas near Habshan and Abu Dhabi are generating extremely high
concentrations of SO2. In a few instances the maximum concentration of SO2 reached as
high as 500 ppb, which is actually the maximum value measured by the instrument. In
certain areas, such as over Das and Zirku islands and the Habshan area, the high values
are at the limits for World Health Organization (WHO) standards for health impacts.
The variation of SO2 concentrations within the plume at Zirku Island is given in Figure
6.6. The ﬁrst plume penetration (yellow line, left most peak) shows values above the
instrument range of 500 ppb. As the plume moves from the stack, the concentrations
decrease due to dilution in the atmosphere. The dimensions of the plume also become
larger, as expected.
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Figure 6.6.
Measurements of
trace gases within
the plume being
emitted at Zirku
Island.

The above average concentration of SO2 within the region around the island reﬂects the
characteristics of these plumes. Elevated concentrations of O3 are also observed within the
plume and surrounding area. These emissions are contributing to the higher than expected
boundary layer O3 levels in the region. The patterns of plume behavior are not the same
for all the identiﬁed sources or source areas. Within the entire Habshan industrial complex
region, SO2 concentrations are elevated above the background (see Figure 6.7).
Individual plume penetrations can be identiﬁed in Figure 6.7 by the sharp increases in
the aerosols concentrations between 0.1 and 3 µm diameter as measured by the PCASP
probe. Over the region as a whole, the SO2 concentrations are between 60 and 100 ppb. It
is important to note that these high concentrations of SO2 result in high concentrations of
particles that are active as CN and CCN. Consequently, clouds moving through the area
exhibit enhanced cloud droplet concentrations but smaller droplets than would naturally
occur. In addition, the pollution is often advected over the land from the oil-related
activities over the ocean, affecting clouds there as well.

Figure 6.7.
Measurements of
aerosols, SO2 and O3
within the plumes at
Habshan industrial
area.
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6.4.2

Nucleation Mode Aerosols

The concentrations of nucleation mode aerosols as measured by the CN counter are shown
in Figures 6.8, 6.9 and 6.10. Figure 6.8 shows the average concentrations for different
regions while Figs. 6.9 and 6.10 shows the maximum concentrations measured during the
2001 and 2002 ﬁeld campaigns. CN concentrations were indeed found to be highest at
identiﬁed SO2 sources, when comparing Figure 6.8 to 6.3 and Figures 6.9 and 6.10 to 6.4
and 6.5. The average CN concentrations are again very similar for the winter and summer
periods. However, the maximum concentrations seem to be higher in the winter when
stable layers in the atmosphere are more evident and less vertical mixing occurs. There
are also signiﬁcant seasonal and annual changes evident. The reasons for these changes
are unknown at this stage but could be related to different environmental conditions,
measurement procedures, and/or instrument problems. However, the concentrations are
typical for continental and polluted environments and will certainly have an impact on
cloud processes as will become evident in the following sections.

Figure 6.8. Vertical column average CN concentrations over the UAE for the winter (a) and
summer (b) in cm-3. Numbers under columns specify concentration each column represents.

The industrial areas show the highest concentrations in Figures 6.9 and 6.10, and
interestingly, the northernmost region of the UAE seems to have consistently high
concentrations in both the summer and winter. This could be due to some local industries
in that area and due to converging winds caused by the Strait of Hormuz. The blocking of
the large-scale ﬂow by the Oman Mountains and convergence in the Strait of Hormuz is
shown in Figure 6.11, where backward air trajectories were run for ten days for a case on
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19 January 2001 at different levels in the atmosphere and ending near Abu Dhabi. Note
the convergence of trajectories in the Strait of Hormuz. These conditions often persisted
during the winter.
Major deviations from the average observed characteristics are important to relate to the
presence of speciﬁc synoptic and mesoscale regimes. For example, the origin of air masses
(say from the north or from the east) may be pivotal in determining the pollution levels,
and thus cloud droplet distribution. Measurements in other places have revealed large
variations in droplet concentrations both in time and space. Such variations could impact
the effectiveness of hygroscopic seeding to the point that in certain situations it might not
be effective at all. Thus, meteorologically driven variations need to be monitored and
understood. Another example, during both the winters and summers, is the afternoon sea
breeze, which advects much of the pollutants from the oil related industries located in the
Gulf into the interior. The strength and onset time of the sea breeze determines how far
inland the pollution will be advected. Thus, this daily meteorological feature may have a
great impact on the clouds that form in the UAE region. More details of the importance
of the sea breeze are detailed in Section 9.
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2001 CN Vertical Column

Figure 6.9. Vertical
column maximum CN
concentrations over the
UAE for the Winter
2001 (top) and Summer
2001 (bottom) in cm-3.
Maximum in column
from surface to
3000 m.
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2002 CN Vertical Column

Figure 6.10. Vertical
column maximum CN
concentrations over the
UAE for the Winter
2002 (top) and Summer
2002 (bottom) in cm-3.
Maximum in column
from surface to 3000 m.
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Figure 6.11. Air trajectories for 10 days, ending near Abu Dhabi on 19 January. Three different
ending levels are calculated: 468 m, 968 m, and 1468 m, which cover the altitudes of the ﬂight on
this day.

6.4.3

Accumulation Mode Aerosols

While aerosols in the nucleation mode are important for the formation of haze layers,
aerosols in the accumulation mode (0.1 to 3 µm diameter) are important for cloud
formation and determine to a large extent the cloud microphysical characteristics affecting
the efﬁciency of precipitation formation. In addition, these background aerosols will also
determine the effectiveness of hygroscopic seeding to enhance rainfall.
Figures 6.12, 6.13, and 6.14 display the concentrations of aerosols in the accumulation
mode, measured by the PCASP, column average, 2001 column maxima, and 2002
column maxima respectively (in the same manner as the previous graphs). The average
concentrations during the winter are higher than during the summer, except for the
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northernmost region of the UAE, again most probably due to increased vertical mixing in
the summer versus the existence of lower level stable layers in the winter.

Figure 6.12. Vertical column average PCASP concentrations (0.1 to 3 µm diameter) in cm-3.
Numbers under columns specify concentration each column represents.

Higher concentrations during the 2001 winter and the 2002 summer are also evident in
the maximum concentrations (Figures 6.13 and 6.14) except for the Mussafah industrial
area close to Abu Dhabi that consistently shows high maximum concentrations through
both the winter and the summer. Seasonal and annual changes are again evident.
6.4.4

Cloud Condensation Nuclei and Oman Measurements

In association with the nucleation mode and accumulation mode aerosols, it is important
to assess the fraction of these aerosols that act as CCN. Figures 6.15 through 6.17 display
the average and maximum CCN concentrations at 0.3% supersaturation (SS) over the
UAE. The close relationship between the accumulation mode aerosol concentrations and
the CCN concentrations are evident in these ﬁgures. CCN concentrations vary between
500 and 1000 cm-3 during the winter and are similar, though slightly more variable, during
the summer, varying between 300 and 1700 cm-3. Both summer and winter concentrations
are representative of a continental environment. They are also similar, or higher, in
concentration to regions where hygroscopic seeding has been conducted in South Africa
and Mexico. Based on these concentrations, hygroscopic seeding should be effective
in clouds growing in this environment. However, the measurements are still unclear in
determining if large CCN exist in the ambient atmosphere. These large CCN may increase
the efﬁciency of the precipitation process in a similar manner to how hygroscopic seeding
works. In particular, if desert dust is coated with sulphates, the resultant particles may play
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an important role in the formation of precipitation in clouds. Measurements of individual
particle chemistry during the 2002 ﬁeld campaigns shed more light on this issue and are
discussed further in Section 6.4.6.
2001 PCASP Vertical Column

Figure 6.13. Vertical
column maximum
PCASP concentrations
(0.1 to 3 µm diameter)
in cm-3. Maximum in
column from surface to
3000 m.
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2002 PCASP Vertical Column

Figure 6.14. Vertical
column maximum
PCASP concentrations
(0.1 to 3 µm diameter)
in cm-3. Maximum in
column from surface to
3000 m.
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Figure 6.15. Vertical column average CCN concentrations in cm-3 during winter (left) and summer
(right). Numbers under columns specify concentration each column represents.

During the 2002 summer ﬁeld project, ﬁve ﬂights were conducted into Oman to evaluate
differences in aerosol and cloud characteristics between the UAE and Oman. The ﬂights
consisted of ﬁve horizontal legs, starting over the Gulf of Oman and extending westward
to Al Ain in the UAE. A map of the ﬂight legs is shown in Figure 6.18. During these ﬂights,
measurements of the aerosol and cloud characteristics were made over the region.
The average condensation nuclei and aerosol concentrations from the ﬁve ﬂights for
each of the ﬂight legs are shown in Table 6.2. Both the condensation nuclei and aerosol
concentrations are similar from leg to leg throughout the region, and show concentrations
typical of continental and polluted environments. The measurements are very similar to
the measurements conducted over other parts of the UAE during the past two years.
Table 6.2. Average condensation nuclei (CN) and accumulation aerosol concentrations (PCASP)
for the different Oman legs.

Leg 1
Leg 2
Leg 3
Leg 4
Leg 5

CN average
concentration [cm-3]
7640.74
6515.28
5873.33
6348.12
4232.82

PCASP average
concentration [cm-3]
1092.20
1296.13
820.81
827.83
803.86
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2001 CCN Vertical Column

Figure 6.16. Vertical
column maximum CCN
concentrations during
2001 in cm-3 (from
ground to 3000 m at
0.3% SS). Maximum in
column from surface to
3000 m.
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2002 CCN Vertical Column

Figure 6.17. Vertical
column maximum CCN
concentrations during
2002 in cm-3 (from
ground to 3000 m at
0.3% SS). Maximum in
column from surface to
3000 m MSL.
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Figure 6.18. Map of Oman ﬂight legs on 31 July 2002.

The size spectra of aerosol particles, averaged over the ﬁve ﬂights for each ﬂight leg,
are shown in Figure 6.19. The dates of the ﬂights were 7, 15, 23 and 31 July of 2002.
The legs are illustrated in Figure 6.18: Leg 1 was taken at 900 m over the Gulf of Oman;
Leg 2 was taken inland at 300 m; Leg 3 was taken over the Oman Mountains at 1970
m; Leg 4 was taken over the Oman Mountains at 1360 m; and Leg 5 was taken over the
desert southeast of Al Ain at 300 m. The spectra are very similar for the ﬁve legs, which
along with the concentration results from Table 6.2, indicate that background aerosol
characteristics are quite similar across the region.
During the summer months when the region is generally under the inﬂuence of easterly
ﬂow, the high concentrations of aerosols most probably result from transport of pollution
from the Asian continent, especially Pakistan and India. Therefore, another important
variable to assess is the cloud condensation nuclei (CCN) activity in order to determine if
particles transported from the Asian continent have similar characteristics to those from
locally produced pollution and aerosols that have been well characterized in the UAE
during 2001 and 2002.
Figure 6.20 shows the CCN spectra (concentration versus supersaturation), averaged over
the ﬁve ﬂights for each leg. The spectra are very similar from leg to leg, and are consistent
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with the data presented in Table 6.2. No major differences are seen in CCN activity
across the region. In total, these results suggest that the effects of aerosols on clouds and
precipitation development should be similar across the region (eastern UAE and Oman).

Figure 6.19.
Averaged
size spectra
for aerosols
sampled over
Oman (see
Figure 6.18 for
leg locations).

Figure 6.20
Averaged CCN
activation
spectra for the
Oman ﬂight
legs (see Figure
6.18 for leg
locations).
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6.4.5

Vertical Proﬁles

As pointed out previously, the UAE is situated in the Northern Hemisphere mid-latitudes
with prevailing anticyclonic circulation for a large fraction of the time. The descending
nature of the atmosphere creates conditions of extreme and absolute stability. These are
manifest in the atmosphere in the form of inversions and absolutely stable layers that act
as effective traps for emissions occurring within the boundary layer. This is important,
because for clouds having their bases in the boundary layer, CCN concentrations will
be enhanced. However, if cloud bases are above the boundary layer where there are low
concentrations of CCN, precipitation may develop more efﬁciently. To investigate these
phenomena on a regional scale, the data from each of the deﬁned areas have been averaged
with height. A case study for Dubai (Data Block 2 in Figure 6.2) is presented.
The top of the boundary layer for the winter campaign typically varied between 1500 and
2000 m. At the top of the boundary layer, subsidence stability creates a physical barrier
to vertical displacement of air. Elevated concentrations of all trace gases occur below the
top of the boundary layer (Figure 6.21). The highest concentration of SO2 for this area
occurred at about 1500 m. Ozone levels decrease with height to about 2000 m. This may
indicate that there is an additional source of O3 above the boundary layer that may not
be related to the emissions from the surface, such as transported pollutants or residual O3
from the previous day.

Figure 6.21. Averaged trace gas concentrations plotted for the Dubai region for January through
March 2001.

Vertical proﬁles of the aerosols also show that the top of the boundary layer was at about
1500 m for the experimental period (Figure 6.22). Concentrations of all aerosols decrease
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rapidly above the boundary layer. The large discrepancy between the CN and PCASP
concentrations indicate that the area is a major source of nucleation mode aerosols. This
is true for all source regions within the UAE. Interestingly, when comparing CN and CCN
measurements above the boundary layer, it appears that nucleation mode aerosols are an
important source of CCN.
Data shown in Figure 6.22 indicate that background levels of CCN are enhanced due to
local pollution sources in the region and should result in higher cloud droplet concentrations
in clouds. This will make them more continental in nature and also more amenable to
seeding with hygroscopic ﬂares to enhance rainfall. Measurements of CCN showed that
background levels were enhanced due to local pollution sources in the region, which
resulted in higher cloud droplet concentrations in clouds, making them more continental
in nature. These are conditions generally thought to be more amenable to seeding with
hygroscopic ﬂares to enhance rainfall.

Figure 6.22. Averaged concentrations of nucleation mode (pink), accumulation mode (blue) and
cloud condensation nuclei (yellow) in the atmosphere above the Dubai region for January through
March 2001.

However, during several ﬂights, large aerosol particles (>1 µm diameter) were evident.
Measurements taken on two ﬂights are brieﬂy considered. The ﬂights were conducted on
2 and 5 January 2001 respectively. The ﬂight paths for these two ﬂights are shown in
Figure 6.23.
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Aerosol measurements for the two ﬂights clearly show that there is great variability in
both the spatial and vertical distribution over this region. Concentrations of aerosols in the
size range between 0.1 and 3 µm (ﬁne fraction) range from <100 cm-3 to as high as 4000
cm-3. The spatial distribution is closely related, as expected, to atmospheric transport from
point or area sources. Concentrations of aerosols increased signiﬁcantly on 5 January
in the region of industrial activity (Figure 6.24). Toward the end of the ﬂight, however,
the increase in aerosol concentrations was not visibly related to industrial emissions.
Evaluation of size distributions of the aerosols for episodes 4 and 5, spanning 0.1 – 45
µm, shows that aerosols in the coarse fraction formed an important part of the aerosol
load (Figure 6.25). These particles are most probably mechanically derived dust particles
as was evident from the individual particle chemistry analyses (see next section).

Figure 6.23. Flight path for two ﬂights conducted on 2 and 5 January 2001.

On 2 January, the aerosol concentrations are closely linked to an inversion layer detected
in the atmosphere at about 1200 m MSL. Aerosol counts below this level are elevated to
2500 cm-3, whereas above this layer the counts are signiﬁcantly lower and never exceed
200 cm-3. The effects of this stable layer can also be seen in the observed trace gas mixing
ratios. Figure 6.26 shows the data collected for sulphur dioxide and ozone.
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Figure 6.24. Total aerosol concentration in the ﬁne fraction (blue line) and the aircraft altitude (red
line) for the ﬂight on 5 January 2001.

Figure 6.25. Aerosol size distribution of ﬁne and coarse mode particles as measured by the PCASP
and the FSSP probes. Periods 4 and 5 have distinct enhanced levels of coarse mode aerosols in the
size range 6-10 µm.

For both ﬂights, sulphur dioxide values range between 1.2 and 64 ppb and ozone between 5
and 44 ppb (Figure 6.26). The distribution of the gases is linked closely to the distribution
of sources, as was the case for the aerosols. On 2 January 2001, the vertical structure of
the atmosphere exerted considerable inﬂuence on the distribution of pollution over the
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UAE. The ozone levels in particular decreased sharply above 1000 m (Figure 6.27). SO2
concentrations also dropped from 10 ppb to about 5 ppb. The exact height and strength of
the inversion identiﬁed from the aircraft temperature proﬁle is shown in Figure 6.27.

Figure 6.26. Trace gas measurements of sulphur dioxide (green) and ozone (brown) on (a) 2
January and (b) 5 January 2001. The red line represents the altitude of the aircraft at the time of
each measurement.
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Figure 6.27. Atmospheric temperature and dew point temperature vertical proﬁles as determined
from aircraft measurements on 2 January 2001. A strong temperature inversion is clearly deﬁned
just below 1000 m.

The inﬂuence of the inversion layer was most clearly deﬁned in the total concentration
of the ﬁne aerosol. Concentrations increased sharply after descent to below the inversion
layer, thus putting the aircraft within the well-deﬁned boundary layer on 2 January 2001
(Figure 6.28). The strong inversion layer acts as a lid for material emitted at the surface,
thus preventing vertical dilution of pollutants. On 5 January 2001, there was no inversion
layer present over the region and the top of the boundary layer was poorly deﬁned.
The concentrations of both trace gases during both ﬂights indicate inﬂuence from some
point or area source. In particular on 5 January 2001, the large variations in sulphur
dioxide concentrations were due to plumes from industrial sources intercepting the aircraft
ﬂight path. The highest concentrations of sulphur dioxide were recorded downwind of an
industrial complex in central UAE and off the coast close to Zirku Island. The aircraft
was intentionally kept out of the plumes directly and was therefore measuring diluted
concentrations of the emissions.
The aerosol concentrations and the unexpected size distributions obtained from these
ﬂights required further investigation into the origin of the large aerosol particles. If the
desert dust is coated with sulphate, it can act as a CCN. But, this could either have
a positive effect (large particles) or a negative effect (small particles) on precipitation
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formation in clouds. In order to establish the existence of large CCN due to the described
process and their variability, different measurements were needed. For these reasons, an
additional instrument to collect individual particles on ﬁlters for chemical analyses was
added to the aircraft for the 2002 ﬁeld campaigns.

Figure 6.28. Total ﬁne aerosol counts (blue line) with respect to altitude (red line). The yellow
shading indicates an inversion layer present in the atmosphere just below 1000 m MSL.

6.4.6

Regional Seasonal Aerosol Analyses

For the purpose of this analysis, the UAE area was divided into 4 regions based on
topography, land cover, and anthropogenic sources (Figure 6.29). These regions include:
1) Coastal region (this region includes major oil reﬁneries, major urban centers: Abu
Dhabi and Dubai, and industrial activities); 2) Desert region (this includes the vast desert
areas of the UAE, some agricultural activities and minor urban centers); 3) Oil/Maritime
region (this region includes maritime sampling of aerosols, clean and polluted, and
some major oil ﬁelds and reﬁneries in the Arabian Gulf: Zirku Island and Das Island)
and; 4) Mountains region (this region includes the Oman Mountains, which are largely
uninhabited).
The sampling strategy during the project was to ﬂy over the entire UAE region to obtain
spatial and vertical distributions of aerosols. Vertical distributions of parameters were
determined by either ﬂying in a spiral pattern above a particular site or ﬂying vertical
proﬁles along a ﬂight transect. An attempt was also made to map plumes from signiﬁcant
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sources over the UAE by transecting the plume with increasingly long legs as the aircraft
moved downstream from the source. This type of sampling might inﬂuence the low level
averages due to increased source strength and the chosen sampling method. To avoid
this bias, the analysis concentrated on data collected between 1000 and 4000 meters in
altitude, avoiding the source regions to allow for investigation of the natural background
aerosol population. Vertically averaged concentrations of CCN, CN and PCASP are
summarized in Table 6.3 and displayed in Figure 6.30. The standard deviations of these
measurements are also provided in Table 6.3. The magnitude of the standard deviations
indicates a large temporal and spatial variability in the observed measurements and
highlights the sensitivity of the background aerosol population in this region to mesoscale
meteorological inﬂuences.

Figure 6.29.
United Arab
Emirates and
regions delimited
according to
topography, land
use and aerosol
sources.

6.4.6a

Seasonal Variations in Aerosol Concentrations.

Summer
CN concentrations given in Table 6.3 are highest in the Mountain region (>5000 cm-3)
during the summer; the concentrations are slightly lower in the Coastal and Desert Regions
(~3000 cm-3); and lowest in the Oil/Maritime region (~1000 cm-3). CCN concentrations
vary somewhat between the different regions, with slightly higher concentrations in the
Desert region (> 500 cm-3) and lower background concentrations (~300 cm-3) over the
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Coastal and Oil/Maritime areas. PCASP concentrations vary from > 800 cm-3 in the
Mountain region to approximately 450 cm-3 in the Oil/Maritime region, with Coastal and
Desert regions concentrations around 600 cm-3. The summers are usually characterized
by stronger meso-scale windﬂows such as the land-sea breeze circulations that during the
winter in addition to a much deeper mixing layer over the land.
Table 6.3. Vertically integrated mean and standard deviation (σ) ) of CCN, CN and PCASP
concentrations measured from 1000 m to 4000 m MSL for each of the regions delimited
in Figure 6.29. Observations were made during the United Arab Emirates Field Project
experiment in the winter and summer months of 2001 and 2002. CCN concentrations
were measured at a supersaturation of ~0.3 %.
Season

Number of CCN
measurements

CCN
Mean

CN
Mean

σ

PCASP
σ

Mean

σ

Coastal
Summer

1600

301

296

2857

3302

623

505

Winter

1650

294

208

1801

2823

352

240

Desert
Summer

444

512

520

3031

2541

664

441

Winter

205

170

108

1868

2768

301

224

Mountains
Summer

669

415

378

5166

3379

811

396

Winter

54*

784

183

3911

3157

315

136

Oil/Maritime
Summer

46

327

90

1219

887

448

212

Winter

236

242

172

2214

2223

401
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* CCN data below 1500m MSL.

Winter
CN concentrations are signiﬁcantly higher over the mountains (~4000 cm-3) than over
the rest of the UAE (~2000 cm-3) during the winter but generally lower than the summer
except for the Oil/maritime region. Over the Oil/Maritime region, the CN concentrations
were 2200 cm-3 while both the Desert and Coastal regions exhibited concentrations
around 1800 cm-3. The highest CCN concentrations are found over the Coastal region
(~300cm-3) with low concentrations in the Desert region (<200 cm-3). Vertically averaged
winter PCASP concentrations are below 400 cm-3 for all the regions, with the highest
concentrations found over the Oil/Maritime region and the lowest in the Mountain and
Desert Regions (~350 cm-3).
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Seasonal Trends
CCN, CN and PCASP concentrations in Table 6.3 and Figure 6.29 show a clear seasonal
trend in concentrations, with generally higher concentrations during the summer months,
except over the Oil/Marine region. Also, there is regional variability in the magnitude of
seasonal differences. For example, averaged CN concentrations in the Mountains region
are 1.32 times higher during the summer than the winter, while Coastal polluted air is
1.58 times higher in concentration. PCASP concentrations in these same regions are
respectively 2.57 and 1.76 times larger during the summer. Some of this variability may
be attributed to the structure of the boundary layer during the different seasons with a
deeper boundary layer (~4000m) during the summer as opposed to ~1500m during the
winter. Large- and regional-scale ﬂow regimes (i.e. local-scale ﬂow regimes such as the
land-see breeze circulations are much more dominant during the summer months due
to the extreme differences between land and sea-surface temperatures), in addition to
different pollution source regions, also explain some of the seasonal trends.

Figure 6.30. Spatial and Seasonal variations in vertically integrated averages of PCASP, CCN and
CN concentrations recorded between 1 000 meters and 4 000 meters AGL during Winter (January to
March 2001 and January to April 2002) and Summer (June to September 2001 and June to September
2002). CCN concentrations were recorded at a supersaturation of 0.3 %. Regions are delimited as in
Figure 6.29. * CCN data are not representative of a vertically averaged concentration.

The UAE experiences extremely hot temperatures during the summer amplifying the
land-seas breeze circulations and favoring the development of convection and thus
producing deeper mixing in the atmosphere, especially over the mountains and the desert.
Stable layers over the Oil/Maritime region contribute to a smaller variation from season
to season in the aerosol concentrations. While these observations seem to suggest higher
concentrations in the summer versus the winter, it should be kept in mind these vertically
integrated means represent measurements between 1 and 4 km, and considering that large
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variation in the boundary layer depth between winter and summer the averages do not
correctly capture the boundary layer aerosols during the winter. The deeper mixing in the
summer moves the height of the mixed boundary layer from 1500 m during the winter
to above 3500 m in the summer and, hence, vertically integrated concentrations between
1 and 4 km are greater in the summer than in the winter due to higher concentrations of
surface produced aerosols lifted to higher levels.
During the summer, the UAE is under the inﬂuence of a weak easterly ﬂow bringing
pollutants from India and Pakistan across the Arabian Sea and the Gulf of Oman. The
synoptic winds during winter are generally north-westerly conveying a mix of highly
atmospherically processed and aged pollution from Europe and emissions from the oil
ﬁelds in the Arabian Gulf. In addition, during the summer a strong afternoon sea breeze
also advects pollutants from the UAE offshore oil ﬁelds over the country.
The Mountain region acts as a convergence zone for local ﬂows during both winter and
summer. A stronger sea-breeze during the summer from both the Arabian Gulf and the
Gulf of Oman enhances this effect. It is here where the highest concentrations of CN,
CCN, and accumulation mode aerosols are found. For example, CN measurements are
1.32 times greater in the summer (> 5000 cm-3) than the winter (< 4000 cm-3 during
winter). Likewise, PCASP measurements in the Mountain region are over 2.5 times
larger in the summer with an average of 800 cm-3 being measured during the summer
months while winter concentrations were nearly 300 cm-3. These concentrations are also
enhanced because of the strong sea breeze winds lifting more desert dust into the air.
The CCN measurements made over the mountains are one of only two instances when
the vertically integrated concentrations are larger during the winter (~ 800 cm-3) than
during the summer (~ 400 cm-3). However, this difference may be due to the limited CCN
measurements during the winter, with all measurements collected below 1500m MSL in
the boundary layer where higher concentrations are to be expected (see explanation Table
6.3).
The Oil/Maritime region experiences a more stable boundary layer than over the land
and remains at a fairly constant height of ~1500 during both winter and summer. This
occurrence is reﬂected most clearly in the CN measurements, which represent the other
instance when vertically integrated concentrations are higher in the winter (~ 2200 cm-3)
than in the summer (~ 1200 cm-3). During the winter there could be a buildup in nucleation
mode aerosols due to outgassing of the oil ﬁelds and SO2 emissions from the oil reﬁneries
due to weaker land-sea breeze circulation and thus transport of the pollutants. However,
summertime PCASP concentrations are 1.17 times larger in the summer (~ 500 cm-3)
than winter (~ 400 cm-3) and CCN concentrations follow a similar trend. This could be
due to the stronger land-sea breeze winds that lift more sea-salt particles (associated with
the accumulation and coarse mode sizes), which are in the PCASP size range and are
effective CCN. In addition, during the night and early morning the land breeze could
advect dust particles out over the Arabian Gulf and could aggregate with sea-salt particles
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(see section 6.4.7) that could also act as CCN.
The Desert region and Coastal region also show the strong inﬂuence of the vertical
mixing that occurs during the summer months. For example, CN concentrations are both
approximately 1.6 times greater during the summer (~ 2900 cm-3) than the winter (~ 1800
cm-3). PCASP concentrations are larger than 600 cm-3 during the summer and less than
350 cm-3 during winter months. CCN concentrations are tripled during the summer over
the Desert region.
6.4.6b

Vertical Distributions of CCN, CN and PCASP

Figures 6.31 and 6.32 show the average CN, CCN and PCASP concentrations as a
function of altitude (in 200 m intervals) for the regions delimited in Figure 6.29. The
error bars represent the standard deviations of all the measurements at that level. The way
in which aerosols (measured by the PCASP, CN and CCN) are distributed in the vertical
has implications for radiative forcing and their inﬂuence on cloud properties.
Winter
During the winter season (Figure 6.31) most of the CN, CCN, and accumulation mode
aerosol are contained within the mixed layer, which extends to an altitude of 1500 to 2000
m. In all regions, PCASP, CN and CCN concentrations decrease with height. The average
proﬁle of CN measurements indicates a fairly smooth transition from the boundary
layer with concentrations of ~ 4000 cm-3 in the boundary layer to ~2000 cm-3 in the
free atmosphere. PCASP and CCN measurements over the Coastal region have an initial
drop off in concentration to 1500 m, which is consistent with approaching the top of the
mixed layer, and then exhibit somewhat layered structures above 1500 m. The layering
appears to be due to stable stratiﬁed westerly ﬂows advecting aged aerosols from Europe
and other countries in the Arabian Gulf at higher levels and they also seem to be efﬁcient
CCN (Figure 6.31). It is clear that the mountains acts as a barrier to the aerosols and
aerosol concentrations increase sharply as they are trapped against the mountains at the
lower levels during the winter. CN concentrations peak at approximately 12000 cm-3 and
accumulation mode aerosol concentrations peak at approximately 900 cm-3 below 1500
m. The sharp drop off at altitudes above 2000 m, to 2000 cm-3 and 200 cm-3 respectively,
indicates that the top of the mixed layer is between 1500 and 2000 m. The mountains acts
as a convergence zone for aerosols advected from both the Arabian Gulf and the Gulf
of Oman sides of the mountains. The Oil/Maritime CN, CCN, and PCASP proﬁles are
similar to those of the Coastal region though lower in concentration and having a slightly
shallower boundary layer.

Summer
One of the main characteristics of the summer vertical proﬁles is that the CN, PCASP
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Winter Season

and CCN concentrations are higher through a deeper layer of the atmosphere as would
be expected with a deeper boundary layer except for the Oil/maritime region over the
Arabian Gulf (Fig. 6.32). The concentrations are also decreasing with height except over
the mountains where especially the PCASP concentrations remain fairly constant with
height.

Figure 6.31.
Means & Standard
deviations of CCN,
CN and PCASP
concentrations
over 200 m
intervals starting
at 1000 m asl
during the Winter
seasons of 2001
and 2002. CCN
concentrations are
shown at a 0.3 %
S.S.
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Summer Season
Figure 6.32.
Means and
Standard
deviations of CCN,
CN and PCASP
concentrations
over 200 m
intervals starting
at 1000 m asl
during the Winter
seasons of 2001
and 2002. CCN
concentrations
are shown at a 0.3
% S.S

The vertical proﬁles of the CN concentrations exhibit similar characteristics compared
to the winter proﬁles. During the summer the atmosphere is generally conditionally
unstable and with more surface heating, the aerosols are lifted to higher levels over the
land areas. Especially over the mountains with the additional forced lifting the high
concentrations of aerosols to even higher levels. The height of the boundary layer over
the Oil/maritime region is similar to that of the winter as would be expected over water.
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CCN and accumulation mode (PCASP) aerosol concentrations are higher than during the
winter throughout the atmosphere. This may be due to additional dust, pollution form the
oil ﬁelds and reﬁneries in the Arabian Gulf, and possibly sea-salt over the ocean lifted
into the air and advected over the sea and land because of the enhanced and stronger local
land-sea breeze circulations. In addition, during the summer with the general easterly
ﬂow over the region pollution and aerosols from Indian sub-continent may be advected
into the region.
The primary difference between the summer and winter vertical proﬁles (Figs. 6.31 and
6.32) is that the summer season exhibits a deeper boundary layer (except for the Oil/
maritime region) and enhanced concentrations of accumulation mode (PCASP) and CCN
concentration. The proﬁles also capture a layered structure within the free atmosphere,
which is most likely due to long-range transport from other sub-continents and/or due to
larger diurnal changes in the boundary layer height in the summer. Both seasons showed
higher concentrations in the boundary layer with a rapid decrease in concentration above
the boundary layer, especially during the winter season.
6.4.6c

Aerosol Properties Over the Different Regions of the UAE

Aerosol-CCN relationship
The inﬂuence of anthropogenic aerosols on cloud processes are dependent on what
percentage of the aerosol population act as a CCN. Figure 6.33 shows the CCN/PCASP
relationship for winter and summer over all regions of the UAE. The one-to-one line
implies a ratio of 1 between the two measurements. During the winter the CCN-to-PCASP
ratio is approximately 0.86, indicating that 86% of the seasonally averaged accumulation
mode aerosol become activated as a CCN. The correlation coefﬁcient is 0.65 suggesting
that although there is some scatter, a strong relationship is evident. During the summer,
the relationship is worse with a large amount of scatter. The correlation coefﬁcient for
the best ﬁt line is only 0.18. The strong correlation during winter suggests that most of
the accumulation mode (PCASP) aerosols are also acting as CCN and this may be due to
the long-range transport of aged pollution aerosols from Europe and oil related activities
in other arts of Gulf region with the westerly ﬂow. However, during the summer the
relationship breaks down most probably due to larger concentrations of desert dust that
are lifted into the atmosphere in the region. Desert dust is usually not an effective CCN
particle.
The relationships between CCN and accumulation mode aerosol for the different regions
of the UAE are summarized in Table 6.4. During the winter months the proportion of
accumulation mode aerosols acting as CCN was consistently high, with all regions of the
UAE exhibiting a CCN/PCASP ratio between .78 and .98 with the correlation coefﬁcients
ranging from 0.5 over the mountains to 0.67 over the Oil/maritime and coastal regions.
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Figure 6.33. Scatter plots of CCN concentration against aerosol concentrations as measured by the
PCASP in the winter and summer of 2001 and 2002. (CCN concentrations measured at 0.3 % S.S.
The thin solid line indicates a 1:1 relationship (y = x)

Table 6.4. CCN/PCASP and CCN/CN ratios* for all the regions of the UAE. Vertically averaged
PCASP concentrations for the accumulation mode (0.1-1µm) and coarse mode (1-3µm), and the
mean diameter of the distribution.

* Determined using linear regression as in Figure 5.

Assuming the particles above the mixed layer have undergone long-range transport, and
aging, the high percentage of high CCN occurrence supports the ﬁndings of that long
atmospheric residence times and cloud processing of aerosol enhance the CCN activity
of those particles. During the summer, there were larger regional differences in the CCN/
PCASP relationship, with ratios ranging from 0.48 (R2=0.33) over the Coastal region,
to 0.84 (R2=0.2) in the mountains. UAE industrialized areas, like those found in the
Coastal regions, showed a higher CCN/PCASP ratio during the winter months (.88) than
during the summer months for the same region, when the ratio decreased to .48. The main
reason for these differences between the winter and the summer is due to the additional
dust particles in the summer that are transported back and forth by the land-sea breeze
circulation. These particles are mostly in size range (accumulation mode) measured by
the PCASP.
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The CCN/CN ratios (Table 6.4) do not show signiﬁcant differences between summer and
winter for the different regions of the UAE. Hegg and Hobbs (1992) found measured
CCN/CN ratios for maritime conditions ranged from 0.2 to 0.6 at 1% S.S., and ratios that
ranged from 0 to 0.21 in continental conditions. The lower values in continental regions
were due to the higher concentrations of CN. One would expect that the ratios would
be smaller in the UAE case because the measurements in the UAE were made at 0.3%
supersaturation while the measurements quoted by Hegg and Hobbs (1992) were made
at 1% supersaturation measurements. As a result, a smaller subset of the CCN population
activates in the UAE case. Despite the discrepancy between supersaturations, the trend
between marine and continental environments was similar to those reported by Hegg and
Hobbs (1992). The CCN(0.3% S.S.)/CN ratios during both the winter and the summer indicate
extreme continental type conditions in agreement with the ﬁndings from Hegg and Hobbs
(1992).
When the PCASP measured coarse mode (1 to 3µm diameter) aerosol concentrations are
separated from the accumulation mode (0.1 to 1µm diameter) it is evident that during
the winter the highest concentrations of accumulation mode aerosols occur over the Oil/
maritime region while coarse mode aerosol concentration were the lowest in this region
indicating that most of these aerosols were probably sulfates associated with the oil ﬁelds
in the Arabia Gulf and aged aerosols advected from the Arabian Peninsula and Europe (
see example back-trajectories Fig. 6.11). Except for the Oil/maritime and coastal regions
concentrations of accumulation mode aerosols during the summer over the desert and
mountain regions are more than double compared to the concentrations during the winter.
In all regions coarse mode aerosol concentrations are higher during the summer compared
to concentrations during the winter (Table 6.4), due to additional dust concentrations in
the air as discussed earlier.
Aerosol Size distributions
The aerosols distributed in stably stratiﬁed layers during the winter for especially the
desert and mountain regions exhibit a large variability in size distributions with altitude
(Fig.6.34). However, the summer aerosol size distributions measured by PCASP are fairly
uniform with altitude (Fig. 6.34). This is due to a deeper boundary layer in the atmosphere
characteristic of the summer months. Figure 6.35 splits the PCASP vertical distribution,
displayed in Figures 3 and 4, into two size ranges: 1) accumulation mode particles (0.1 1µm); and 2) coarse mode particles (1 - 3µm). The stratiﬁcation of the accumulations and
coarse mode aerosol in layers are noticeable during the winter months, especially over the
Desert and Mountains regions. During the summer, the larger particles (> 1µm) are mixed
throughout a deeper layer and the concentrations remain nearly constant with height.
Accumulation mode aerosols also appear to be more homogeneously mixed throughout
the boundary layer during the summer.
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Figure 6.34. Averaged PCASP size distributions for each of the regions in Figure 1. Averaged
every 2000 meters MSL for Winter and Summer.

6.4.6d

Particle Chemical Compositions

An important aspect that was studied during the 2002 ﬁeld efforts was the effect of sulfate
coated desert dust on the precipitation process in clouds. To assess the impact of the desert
dust, particles were collected on ﬁlters that were analyzed using transmission electron
microscopy (TEM) by scientists at Arizona State University in Phoenix, Arizona. This
method has the unique advantage of providing all the necessary information (size, shape,
composition, crystallographic structure and thus speciation) for phase identiﬁcation
and determination of extent of aggregation (neither EMPA nor Scanning Electron
Microscope (SEM) can provide all this information). Precise species characterizations
can be determined for particles as small as a few nanometers in diameter. Moreover,
this information was obtained on an individual-particle basis. A range of electron-beam
techniques was utilized.
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Figure 6.35. Same as in Figure 3 and 4, but with PCASP size distribution grouped into two sizes
ranges, 1) 0.1 - 1 mm, 2) 1 - 3 mm. The horizontal lines are the standard deviation of the average
value. For the 2nd size range, only +1 standard deviation is plotted.

These include high-resolution imaging (HRTEM) through which we were able to obtain
details of features as small as a fraction of a nanometer, remnants of incomplete reactions
(e.g., residual NaCl in reacted sea salt or KCl in the products from biomass burning), and
thin surface coatings. Compositions on a scale of several nanometers through the use of
energy-dispersive X-ray spectrometry (EDS) for elements heavier than Ne and electron
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energy-loss spectroscopy (EELS) for elements heavier than Be were obtained. Energyﬁltered element mapping allows the spatial determination of speciﬁc, selected elements
within individual particles. Structural details are obtained using selected-area electron
diffraction (SAED).
The samples discussed here were collected during the 2002 winter campaign (FebruaryApril) at altitudes ranging from 150 to 4000 m. Sampling locations include oil ﬁelds at
Habshan (23˚ 56’N, 53˚ 39’E), Bu Hasa (23˚ 32’N, 53˚ 18’E), Zirku island (24˚ 52’N, 53˚
05’E), and Das island (25˚ 10’N, 52˚ 54’E). Aerosol particles were deposited directly onto
TEM grids with support ﬁlms using a pair of three-stage cascade impactors (50% cut-off
sizes 2.0, 0.3 and 0.05 µm). They were analyzed using a transmission electron microscope
(TEM) operated at 200 kV and a scanning electron microscope (SEM) operated at 10 kV,
both equipped with energy-dispersive X-ray spectrometers (EDS).
Aerosol particles larger than 0.3 µm in diameter (1st- and 2nd-stage samples) were classiﬁed
into the following categories, although their proportion in each sample vary depending on
sampling location and date: 1) Ca carbonate and sulfate (35~50 % by number), 2) silicates
rich in Mg, Al, and K (20~40 %), 3) Na chloride, sulfate, and minor nitrate (5~35%), 4)
ammonium sulfate (2~8 %), 5) soot (3~10 %), and 6) organic material (1~5 %) (Figure
6.36). According to Abu-Zeid et al. (2001) Ca carbonate (calcite), Ca sulfate (gypsum),
and Mg-Al-rich silicate (palygorskite) are major constituents of the eolian sediments in
the nearby desert area. Thus, the abundance of Ca carbonate, Ca sulfate and silicates can
be attributed to the desert dust, whereas ammonium sulfate, soot, and organic particles
resulted from emission from the oil ﬁelds. Na salts are commonly thought to originate
from sea spray, but in the case of our samples might have derived from oil ﬁeld brines
(Ferek et al., 1992) or salt ﬂats (sabkha) near the sampling locations (Wood et al., 2002).
Aggregation of particles of different kinds is common. Especially widespread are Na salts
coexisting with almost all kinds of particles. Grains of Na chloride are commonly attached
to Ca carbonate, Ca sulfate, and silicate grains, forming aggregates as large as 15 µm
across. Some are attached to or enclosed by relatively large soot aggregates (Figure 6.36).
Many former droplets containing Na salts (Figure 6.36) also contain ammonium sulfate.
The wide range of occurrences of Na salts may be related to the variation of their sources.
Na salts can be aggregated with both desert dust and emission products from oil ﬁelds
not only through cloud processing but also through evaporation in salt ﬂats and through
combustion of oil mixed with brines. Regardless of their origin, the hygroscopic nature of
Na salts may allow the aggregates to be efﬁcient CCN that are, in some cases, signiﬁcantly
large.
Ammonium sulfate comprises more than 90 % (by number) of the ﬁne-grained fraction
(3rd-stage samples, 0.05 ~ 0.3 µm diameter) in all samples. High concentrations of
SO2 (~ 200 ppb) were observed over the oil ﬁelds during the project, which is probably
responsible for the abundance of the ﬁne-grained ammonium sulfate particles. Parungo
et al. (1992) reported that dust particles in oil ﬁre plumes are commonly coated with
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ammonium sulfate and suggested that such particles with hygroscopic coatings may act
as giant CCN and affect precipitation processes (Parungo et al., 1992; Levin et al., 1996).
We found many desert-dust particles that contain signiﬁcant amounts of Cl even though
Na and K are absent. Similar Cl-bearing, Na-free dust particles have been reported from
Asian dust aerosols and interpreted to have resulted from deposition of Cl onto the dust
surfaces through interactions with Cl-bearing gaseous species (Zhang and Iwasaka, 2001).
At elevated SO2 concentrations, chlorine-sulfur exchange reactions in NaCl particles
might have occurred and released HCl that subsequently reacted with the dust particles.
Further studies are necessary to clarify in what form Cl is present on the dust particles and
how the process affects the efﬁciency of the particles as CCN.

Figure 6.36. TEM image of particles collected in a black plume from the Bu Hasa oil ﬁeld. A:
Ca carbonate and sulfate, B: Mg-Al-rich silicates, C: Na salts, D : ammonium sulfate, E: soot, and
F: organic particle. Round outlines of Na-salt and ammonium sulfate particles suggest that the
particles were deliquesced to form droplets at the time of collection.

Numerous ﬁlters were collected over different regions of the UAE during both the 2002
winter and summer. TEM and SEM images of the particles indicate that all three major
aerosol types occur over the UAE (mineral dust, sea salt and anthropogenic) and are
abundant over most regions of the UAE. While many of the desert dust particles contained
sulfate incursions on them (Figure 6.37a), there was no clear indication of dust particles
completely coated with sulfate. Instead, aggregates of sea salt (Figure 6.37b), sulfates,
and mineral dust were found to be most common during all periods of observations and
these could be potential CCN also.

298

a)

b)

Figure 6.37. SEM and TEM images of individual particles and the associated chemical compositions
as determined by EDS techniques.

McInnes et al. (1994) found that in polluted marine environments chemical reactions
break down the sea salt particles through reactions with sulfate- and nitrogen-bearing
species. These reactions were also found in the UAE where large amounts of SO2 are
emitted into the atmosphere by the oil related industries (Figs. 6.37b and 6.38). While the
clay particles and Ca-carbonate particles in Figs. 6.37 and 6.38 have their origin from the
desert, the sea salt particles are mostly produced by the Arabian Gulf and advected inland
by the sea breeze. Some NaCl components were also found in oil reﬁnery emissions.
Small ammonium sulfate particles (Figure 6.37a) were also abundant and are most
probably associated with anthropogenic activities in the region. These particles are very
efﬁcient CCN.
The mineral dust particles comprised most of the particles larger than 1 µm in diameter
and all the particles larger than 10 µm diameter. The sea salt particles comprised most of
the particles in the size range 0.5 to 5 µm diameter but it was evident that many of them
had already reacted or partially reacted with sulfate-bearing species. Figure 6.38 shows
a TEM image of a partially reacted sea salt particle aggregated with desert dust particles.
The associated EDS analyses of the different parts are also displayed in Figure 6.38.
Based on these preliminary analyses it seems that the desert dust may play an important
role in cloud processes, not only because they are often times partially coated with sulfate
particles, but also because of aggregates of dust particles containing NaCl particles (Fig.
6.37b). The large sea salt particles present in the UAE environment may play a role in
cloud processes, but their role may also be in jeopardy due to the chemical reactions
with sulfate-bearing particles. However, some of the larger sea salt particles may still
affect cloud processes. A new cloud microphysics scheme for the Clark-Hall model
(detailed in Section 5.6.5) may provide a means of studying the large sea-salt’s role in
cloud processes.

299

Figure 6.38. Partially reacted sea salt particles and the associated EDS analyses for the pure sea salt
part and the partially reacted part aggregated with desert dust particles.

6.4.7

Case Study: 4 September 2002

As an example of the potential interaction between the aerosols and cloud processes, a
speciﬁc case is presented here. The aerosol and cloud microphysical measurements for 4
September 2002 are shown in Figure 6.39. A storm developed over the Habshan oil ﬁelds,
and provided an opportunity to study the interaction between aerosol and cloud properties
in a polluted environment.
The data shown in Figure 6.39 was collected during two penetrations near cloud base.
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Cloud base altitude was 3200 meters MSL with a temperature of 13oC. The top panel
in Figure 6.39 shows a time-series of altitude and condensation nuclei counts. The
concentration of total aerosols below cloud base, as measured by the CN counter, was
approximately 1430 cm-3.

Figure 6.39. Aerosol and cloud microphysical measurements on 4 September 2002 in a cloud near
the Habshan oil ﬁeld.

The middle panel shows accumulation mode aerosol concentrations, measured by the
PCASP, and cloud droplet concentrations, measured by the modiﬁed FSSP (SPP).
Aerosol concentrations outside of cloud were between 500 and 800 cm-3. The average
cloud droplet concentrations for both penetrations were around 720 cm-3. The bottom
panel in Figure 6.39 shows the liquid water content (LWC) at a maximum of 0.8 g m-3 and
the SO2 concentrations steady at approximately 10 ppb.
301

Figure 6.40 shows the CCN spectra plotted in the form of the Twomey relationship
(N=cSk) for the 4 September 2002 case. These data were collected below an actively
growing convective cloud, southwest of the Habshan oil ﬁeld. According to Cooper et al.
(1997), these values of slope k (0.4) and C (~800) represents a continental CCN spectra.
As discussed before, during the summer months, the UAE region is under the inﬂuence of
upper level easterly ﬂow that provides moisture from the Arabian Sea and Indian Ocean.
The backward air trajectories (shown in Figure 6.41) were calculated for 4 September
ending near the Habshan oil ﬁeld. All three trajectories, at 500, 1000, and 1500 meters
above ground level (AGL), indicate the air originated from Iran three days prior to the
ﬂight and lingered over the Gulf for 36 hrs or so.

Figure 6.40. CCN spectra below cloud base 4 September 2002.

302

Figure 6.41. Air trajectories for 3 days prior to 4 September 2002 and ending near Habshan oil
ﬁeld.

Cloud droplet and aerosol distributions in and below cloud base are shown in Figure 6.42.
The spectra are combined measurements from the PCASP and FSSP probes. The cloud
was penetrated at about 300 m above cloud base. The cloud droplet distribution represents
a 5-sec average around the peak droplet concentration. The cloud droplet spectrum has
a total concentration of 720 cm-3, a Mean Volume Diameter (MVD) and Effective Radius
(ER) of 9.5 and 5.14µm respectively, a LWC of 0.4 g m-3, a standard deviation (σ) of 2.8,
a mean diameter of 8.6µm, and a dispersion coefﬁcient of 0.3.
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Figure 6.42. Cloud droplet and aerosol number distributions below and at cloud base.

The aerosol size distribution below cloud base is also shown in Figure 6.42, and
represents a one-minute average spectrum below cloud base, with a PCASP average
concentration of 526 cm-3. The aerosols measured by the PCASP are representative of
continental type conditions. The FSSP size distribution shows a broader droplet spectra
extending to sizes larger than 40µm diameter. Although this case indicated high droplet
concentrations, larger drops were also present, suggesting there was potential for an active
coalesence mechanism for precipitation formation (see Section 6.6 for more discussion of
precipitation processes).

6.5
6.5.1

OBSERVED CHARACTERISTICS OF UAE CLOUDS
Overview of Cloud Studies (2001-2002)

Cloud microphysical measurements were collected on eighty-three days over the course
of the four ﬁeld projects. These measurements provide an initial perspective on the
microphysical characteristics and precipitation processes active in the region, and how
amenable the clouds are to seeding with hygroscopic ﬂares. Table 6.3 summarizes the
ﬂights made during the 2001 and 2002 ﬁeld seasons. Slightly less than half of the two
hundred ﬂights were made for the purpose of studying cloud microphysical properties,
documenting precipitation processes, and conducting cloud seeding experiments.
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The winter seasons during both years are comparable in the number of cloud study ﬂight
days and seeding cases. Many of the seeding trials were highly exploratory, having been
conducted in conditions generally considered poor for hygroscopic seeding (e.g., cold
cloud bases, stratiform clouds, weak or short-lived clouds). By comparing the number of
seeding cases to those that were actually amenable to seeding, it is obvious that realistic
seeding opportunities existed on only a few days during the winter projects.
In the summer, a high percentage of the experimental seeding cases were actually suitable
for seeding. The low number of total cases in Summer 2001 reﬂects the fact that most
convective cells developed in Omani airspace (Figure 6.43), which was off limits to
ﬂights in 2001. Also, no seeding opportunities existed after 13 August, eliminating more
than one third of the season. The situation in Summer 2002 appears to be more typical
of the ﬂight conditions and seeding opportunities that would be expected in a future
project. Even so, the number of cases in 2002 was impacted somewhat by occasional
ﬂight restrictions and by being based a signiﬁcant distance from the mountains.
Table 6.5. Summary of cloud study ﬂight operations for the four ﬁeld project periods.

2001 winter

2001
summer

2002 winter

2002
summer

No. of ﬂights

57

41

48

54

No. of ﬂight days

45

40

39

49

Flights with cloud studies

24 ﬂights on 20 ﬂights on 24 ﬂights on 28 ﬂights on
19 days
19 days
17 days
28 days

Days with seeding

10

10

15

18

Seeding cases

22

11

22

24

6 cases on
3 days

8 cases on
7 days

8 cases on
3 days

22-24 (nearly
all cases)

Cases amenable to
hygroscopic seeding

Figure 6.43 provides an overview of the geographical locations where cloud physics
ﬂights were conducted during the winter and summer months (2001 and 2002). During
the winter, cloud studies were scattered throughout the UAE except for the southwestern
region, while during the summer months, the studies were concentrated over the Oman
Mountains, where most of the convection was triggered by the topography. There were
also a few occasions when convection was triggered by convergence zones in southern
and southwestern UAE due to land-sea breeze interactions with an easterly trough. A
notable difference between the 2001 and 2002 summers evident in Figure 6.43 is the
number of cloud studies east and southeast of Al Ain, where convective storms often
developed.
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Figure 6.43. Geographical locations of cloud microphysical measurements during the winter
(January through March - left) and summer (mid-June to mid-September - right).

Tables 6.4 and 6.5 detail the types of clouds observed as well as the height and
temperature of the lowest cloud penetration (generally within 300 m of cloud base) on
the cloud physics ﬂights during 2001 and 2002 respectively. There are two categories
(convective and stratiform) with eight cloud classiﬁcations used in this report including:
boundary layer cumulus (low cloud base with small vertical development), towering
cumulus (low to mid-level cloud bases with large vertical development), cumulonimbus
(a cloud exhibiting lightning or thunder), altocumulus (mid-level cloud bases with small
vertical extent), stratus (low cloud base and stratiform), stratocumulus (stratus exhibiting
convective elements), altostratus (high cloud base and stratiform), and altostratus/cumulus
(altostratus exhibiting convective elements).
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Table 6.6. Summary of cloud base penetrations and cloud types on 2001 research ﬂights.

WINTER: January – March 2001
Date

(UTC)

CB Alt-m

CB
# of
Temp-°C ﬂares

Type of Cloud

8-Jan

10:36 - 12:15

3340

-0.8

2

Stratocumulus

9-Jan

6:32 - 8:23

1850

7.4

12

Stratocumulus and
cumulus

9-Jan

12:05 - 13:26

1970

7.5

6

Stratocumulus and
cumulus

10-Jan

8:47 - 11:00

870

11.8

8

Stratocumulus

14-Jan

9:29 - 11:35

610

13.9

-

Boundary layer cumulus
– very thin

17 Jan

11:24 - 13:40

810

12.7

-

Boundary layer cumulus
– very thin

23-Jan

7:36 - 10:15

1030

N/A

-

Boundary layer cumulus

28-Jan

6:29 - 8:14

1230

6.1

-

Stratocumulus – broken

30 Jan

8:09 - 10:53

1260

5.7

-

Stratocumulus – thin

31-Jan

7:11 - 8:50

1190

6.8

-

Stratocumulus – several
layers

10-Feb

7:11 - 9:57

4460

-6.4

8

Altocumulus

10-Feb

16:12 - 19:33

4670

-4.9

12

Altocumulus

14-Feb

10:05 - 12:39

910

12.1

-

Boundary layer cumulus

22-Feb

10:20 - 12:31

3540

2.9

2

Altocumulus – very thin

2-Mar

13:25 - 15:12

3950

-2.5

-

Stratocumulus – high
bases

8-Mar

12:23 -14:20

4260

-2.7

-

Altocumulus – weak;
high bases

12-Mar

7:21 - 8:12

910

15.1

-

Boundary layer cumulus

15-Mar

7:13 - 10:18

3870

0.3

20

Altocumulus – weak

17-Mar

7:55 - 10:55

4020

-4.6

-

Altocumulus – poorly
deﬁned base

17-Mar

13:52 - 15:40

4500

-0.8

16

Altocumulus – weak

18-Mar

5:08 - 6:55

3520

1.0

24

Altostratus – mostly
glaciated

18-Mar

8:48 - 11:05

3500

1.3

24

Altostratus – mostly
glaciated
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20-Mar

8:32 - 10:30

3480

1.7

-

Altostratus – no echoes

23-Mar

8:29 - 10:34

4010

-1.8

10

Altocumulus – weak

25-Mar

7:57 - 10:11

3760

2.0

12

Altocumulus – weak

25-Mar

14:01 - 16:15

3430

1.1

12

Altocumulus – short
lived

SUMMER: June – September 2001
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Date

(UTC)

CB Alt-m

CB
# of
Temp-°C ﬂares

Type of Clouds

16 Jun

9:24-10:35

5150

0.0

-

Altocumulus – very thin

20 Jun

11:59-14:04

3180

11.8

-

Towering cumulus

21 Jun

12:27-13:54

3560

9.0

-

Towering cumulus

23 Jun

9:19-12:03

5230

-3.3

-

Altocumulus – fairly
shallow

25 Jun

10:42-13:23

3360

11.1

-

Cumulonimbus

29 Jun

10:33-13:32

4890

4.3

-

Altocumulus – capped

14 Jul

7:31-9:50

4530

3.6

4

Altostratus and
altocumulus

14 Jul

11:58-14:11

4230

5.7

4

Altostratus and
altocumulus

19 Jul

11:18-13:56

2770

17.2

10

Cumulonimbus

20 Jul

15:15-16:38

4084

5.8

10

Altocumulus – weak

24 Jul

9:33-11:20

5760

-4.4

10

Altocumulus

25 Jul

14:55-16:26

4240

5.8

-

Towering cumulus

26 Jul

11:28-13:43

3050

14.3

10

Towering cumulus
– capped

27 Jul

10:35-13:12

3270

11.9

10

Stratocumulus –
shallow;short lived

28 Jul

10:02-13:49

3250

14.5

10

Towering cumulus
– capped

30 Jul

10:35-13:06

4370

3.4

-

Towering cumulus
– capped

31 Jul

11:07-13:12

4260

4.2

6

Cumulonimbus – line
echoes

13 Aug

11:31-14:22

3520

9.9

4

Towering cumulus
– capped

18 Aug

10:51-12:38

4550

1.2

-

Towering cumulus
– capped

22 Aug

10:49-12:48

3450

10.3

-

Towering cumulus
– capped

No clouds sampled during 2001 winter were classiﬁed as towering cumulus or
cumulonimbus. The sampled clouds were mostly at mid-levels or embedded in stratus.
These clouds were generally associated with troughs or fronts. During 2001 summer, the
dominant cloud type was boundary layer cumulus and deeper cumulus with relatively
high bases (at the top of the boundary layer). Very often there was a moisture cap at
mid-levels (i.e., dry above) that stunted convective growth, especially of altocumulus.
Orographic lifting by the Oman Mountains and convergence of mesoscale boundaries
appeared to be the dominant forcing mechanisms in the summer (denoted by line echoes
or complexes).
Table 6.7. Summary of cloud base penetrations and cloud types on 2002 research ﬂights.

WINTER: January – April 2002
Date

(UTC)

CB Alt-m

CB
# of
Temp-°C ﬂares

Type of Cloud

30 Jan

9:30 – 11:15

2470

N/A

2

Boundary layer cumulus

31 Jan

9:33 – 11:58

1270

7.5

2

Boundary layer cumulus

3 Feb

8:45 – 10:56

4610

-7.7

-

Altostratus/cumulus

3 Feb

12:18 – 13:25 1370

9.3

2

Boundary layer cumulus

16 Feb

7:17 – 11:14

1140

9.9

4

Boundary layer cumulus

19 Feb

6:25 – 9:18

1710

10.3

22

Boundary layer cumulus

19 Feb

15:00 – 18:21 3890

0.2

22

Cumulonimbus

20 Feb

12:14 – 13:27 890

14.7

2

Boundary layer cumulus

1 Mar

13:44-15:19

4760

-6.0

-

Altostratus – glaciated

3 Mar

6:07-9:47

3700

-3.5

14

Altostratus – thick

9 Mar

8:58-10:39

4010

-2.1

23

Altostratus – layered

9 Mar

13:35-16:47

4010

-2.1

10

Altostratus/cumulus

10 Mar

4:14-6:47

3610

-3.1

-

Altostratus/cumulus

18 Mar

11:20-13:22

1730

13.8

23

Cumulonimbus

18 Mar

14:57-17:54

2210

10.3

-

Cumulonimbus

19 Mar

7:31-9:13

930

18.4

-

Boundary layer cumulus

19 Mar

11:25-14:58

1160

18.3

23

Towering cumulus

22 Mar

11:56-13:53

4540

-2.6

-

Altostratus/cumulus
309

24 Mar

10:00-12:27

4200

-1.0

14

Altostratus/cumulusweak

26 Mar

10:54-12:05

4170

-3.2

-

Altostratus

29 Mar

11:54-13:44

4630

-8.0

-

Altocumulus – weak

29 Mar

18:21-19:11

4630

-8.0

-

Altocumulus – glaciated

12 Apr

10:07-11:46

2330

10.9

4

Boundary layer cumulus

12 Apr

13:44-16:18

2130

11.7

12

Cumulonimbus

SUMMER: June – September 2002
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Date

(UTC)

CB Alt-m

CB
# of
Temp-°C ﬂares

Type of Clouds

15 Jun

12:00-13:37

4267

6.1

-

Altocumulus –weak

27 Jun

11:50-14:27

4366

3.4

6

Towering cumulus

28 Jun

9:36-12:02

4000

5.2

10

Altocumulus

29 Jun

9:39-12:11

4518

1.2

7

Towering cumulus

12 Jul

9:48-13:11

3750

9.2

12

Altocumulus – weak

13 Jul

9:59-12:42

4080

8.2

10

Towering cumulus

16 Jul

9:54-11:33

4444

5.1

-

Altocumulus – weak

21 Jul

9:47-12:51

4462

6.5

-

Altocumulus – weak

22 Jul

10:18-13:30

3516

13.0

-

Altocumulus – weak

23 Jul

12:51-13:59

5162

-2.3

-

Altocumulus

24 Jul

11:03-13:55

2305

20.2

6

Cumulonimbus complex

30 Jul

9:06-12:27

4149

4.3

4

Altocumulus

31 Jul

12:14-13:31

4793

-1.3

-

Altocumulus

7 Aug

9:36-12:32

4420

3.0

18

Towering cumulus

8 Aug

10:13-13:38

3491

9.9

6

Altocumulus to
Cumulonimbus

9 Aug

9:21-11:38

2890

17.5

2

Towering cumulus
– weak

14 Aug

11:14-14:40

3543

11.5

-

Towering cumulus

15 Aug

9:32-12:20

4255

5.1

20

Cumulonimbus
– complex

16 Aug

10:07-11:53

2915

16.9

4

Towering cumulus
– weak

19 Aug

12:07-14:19

4094

4.1

14

Towering cumulus

26 Aug

10:36-13:46

2961

14.5

16

Cumulonimbus
– complex Cb

2 Sep

12:07-14:54

3274

11.9

14

Towering cumulus

3 Sep

9:37-11:19

2674

16.8

-

Boundary layer cumulus

4 Sep

12:03-15:08

2520

18.3

23

Cumulonimbus
– complex Cb

7 Sep

10:04-12:36

4086

4.1

-

Altocumulus – weak

8 Sep

10:09-12:23

2540

17.4

10

Towering cumulus

12 Sep

11:26-13:29

3777

5.3

-

Towering cumulus

13 Sep

11:57-13:57

4585

2.0

10

Altocumulus -weak

During 2002 winter, more convective activity was evident, with towering cumulus and
cumulonimbus developing on several days. However, the prominent types of clouds
either had cold bases or weak vertical development. Summer 2002 continued the trend
of exhibiting a high percentage of well-developed cumulus clouds. Like 2001, many of
the towering cumulus in the UAE have bases between 3000 and 4000 meters. There was
a moderate increase in the number of cumulonimbus and cumulus complexes sampled
during Summer 2002, which may be due to natural yearly variability as well as the
availability of operating in Omani airspace in 2002. Table 6.6 summarizes the frequency
of the cloud base penetrations, stratiﬁed by season and altitude.
Table 6.8. Frequency of occurrence of cloud base penetration altitudes, grouped by season. Data
are derived from Tables 6.4 and 6.5.

< 1 km

1 - 2 km

2 - 3 km

3 - 4 km

4 - 5 km

5 km <

Winter

14 %

24 %

8%

20 %

29 %

2%

Summer

0%

0%

16 %

31 %

43 %

10%

6.5.2
6.5.2a

Cloud Microphysical Characteristics
Droplet Concentration

Cloud base measurements of the size and concentrations of droplets are critical in
determining the subsequent efﬁciency of the coalescence path toward developing
precipitation-sized particles. As such, these measurements are useful in determining the
potential effectiveness of cloud seeding with hygroscopic ﬂares. The particles dispersed by
the ﬂares modify the droplet concentration and sizes in order to produce a more effective
coalescence process and therefore more precipitation, as shown in previous studies in the
USA, South Africa, Mexico and Argentina (Mather et al., 1997; Klimowski et al., 1998;
Foote and Bruintjes, 2000; Bruintjes et al., 2001).
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Cloud droplet concentrations and altitudes of cloud base for all the cloudy days during
January through March and June through August 2001 are shown in Figure 6.44. Likewise,
cloud base data from January to mid-April and mid-June to mid-September 2002 are
shown in Figure 6.45. The closed symbols are measurements of cloud base height (mMSL) while the open symbols represent the associated cloud droplet concentrations at
these heights. During the winter, cloud bases varied between about 1000 m and 5000 m,
while cloud droplet concentrations varied from more than 600 cm-3 to around 100 cm-3.
The higher concentrations were generally measured when the cloud bases were lower,
and vice versa. Furthermore, the higher the cloud base, the less likely it is that any rain
that develops will reach the surface, because most of the precipitation falling from the
cloud will evaporate. This was particularly evident in the winter when the cloud bases
were above 3000 m MSL.

Figure 6.44. Cloud base droplet concentrations and altitude of measurements for each month during
Winter 2001 (top) and Summer 2001 (bottom).

During the summer, cloud bases were generally higher than during the winter, but cloud
droplet concentrations were also higher. Cloud bases ranged from 2000 m to 5000 m MSL
and cloud droplet concentrations ranged between 100 cm-3 to greater than 1000 cm-3,
with most of the clouds indicating droplet concentrations between 400 and 800 cm-3. The
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droplet concentrations lower than 400 cm-3 were most probably due to measurements taken
in clouds where entrainment had depleted a large part of the concentration. Compared to
the winter, the summer measurements indicate that although cloud bases were higher, the
aerosols and CCN also mixed throughout a deeper part of the atmosphere, resulting in
high cloud droplet concentrations. Also, the cloud types during the winter often exhibited
a layer structure, with convection emanating from the upper layer and not connected to
the boundary layer. During the summer, nearly all clouds were convective in nature with
their roots in the boundary layer.

Figure 6.45. Cloud base droplet concentrations and altitude of measurements for each month during
Winter 2002 (top) and Summer 2002 (bottom).

Previous studies have indicated that when droplet concentrations are higher than
approximately 300 cm-3, seeding with hygroscopic particles should have positive effects
on the development of precipitation in clouds. It is clear from both Figures 6.44 and
6.45 that when the cloud bases were lower than 3000 m during the winter, cloud droplet
concentrations were higher than 300 cm-3. For example, during Winter 2001, there were
nine days when cloud bases were lower than 3000 m, occurring primarily in January
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and March, with all of the cloudy days in February having elevated cloud bases. Apart
from the fact that precipitation usually did not reach the surface when bases were higher
than 3000 m during the winter, these clouds also exhibited very low cloud droplet
concentrations that did not make them amenable to hygroscopic seeding. They often were
capable of developing drizzle and precipitation-sized drops naturally, but most of the
precipitation evaporated before it reached the surface. The relationship between cloud
droplet concentration and cloud base height become clearer when plotting the altitude of
cloud base as a function of droplet concentration for each season, as displayed in Figure
6.46.

Figure 6.46. Cloud droplet concentrations as a function of cloud base height for the Winter 2001
(top left), Summer 2001 (top right), Winter 2002 (bottom left), and the Summer 2002 (bottom
right).

During the winter, droplet concentrations decreased as the cloud bases increased. This is
in agreement with Figure 6.22, which shows that aerosol concentrations and CCN also
decrease with altitude, especially during the winter. This tendency is less obvious in the
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summer months, because aerosols and CCN mix through a deeper layer in the atmosphere
and most of the summer convective thunderstorms have their roots in the boundary layer.
This is also the reason why cloud droplet concentrations are higher during the summer,
making those clouds more amenable to hygroscopic seeding (provided no large CCN
exist).
The distributions of the warm-based clouds (TCu, PBL Cu, StratoCu) in Figure 6.39
appear to be relatively similar across seasons. The altostratus (AltoSt) droplet distribution
extends to larger diameters during the winter than the summer, but is complicated by the
colder temperature and the possibility of contamination from ice particles. This becomes
very obvious when comparing the altocumulus (AltoCu) distributions for both seasons.
The measurements of particles beyond 20 µm in the winter distribution suggests the
possibility of precipitation sized particles, but the cloud base temperatures also indicates
that the particles are ice. The droplet distribution from the altocumulus during the summer
seasons is similar to that of the boundary layer and towering cumulus, suggesting that
these clouds formed from the roughly the same CCN distribution.
Table 6.9. Frequency of occurrence of cloud types, grouped by season. Data derived from Tables
6.4 and 6.5.

Small Cu

TCu/Cb

Sc

Ac

As

Other

% Cumulus

Winter

26 %

10 %

14 %

24 %

24 %

2%

60%

Summer

2%

59 %

2%

33 %

4%

0%

94%

The frequency with which each type of cloud droplet distribution was encountered is
implied by the frequency of each cloud type sampled during the four seasons. The
percentages presented in Table 6.7 suggest a prevalence for broad, and many times ice
contaminated, cloud droplet distributions during the winter.
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Figure 6.47. Cloud
droplet distributions
sampled during both
winter (top) and
summer (bottom)
seasons. Date,
penetration altitude,
temperature, droplet
concentration, liquid
water content and
effective radius are
summarized for each
cloud type in the
upper right of both
plots.
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While the percentage of cumuliform clouds was high for both seasons, a signiﬁcantly
high percentage of stratiform clouds (40%) were sampled during the winter season. In
addition, this percentage under-represents the frequency of stratiform clouds present
during the winter because of the selective decision not to sample as many stratiform
clouds during the 2002 season. Overall, these results suggest a lower likelihood of ﬁnding
suitable clouds for seeding during the winter season than during the summer season.

Figure 6.48. Three-dimensional depiction of cloud droplet size distribution near clouds base for all
summertime convective cloud base penetrations from 2001 to 2004.

One of the major questions during the summer was if desert dust aggregated with salt
particles and/or coated with sulphates would nucleate large droplets near cloud base.
Figure 6.48 shows the cloud droplet size distributions for all the penetrations near clouds
during the summer from 2001 to 2004. It is evident that the cloud droplet size distribution
generally exhibits a continental typoe of spectra but there are a few occasions when
droplets larger than 20µm in dimater were detected. However, it is not clear if these were
droplets that were nucleated on giant dust particles.
6.5.2b

Effective Radius

A useful derivative of the cloud droplet spectra at cloud base is effective radius (included
in Figure 6.47). Effective radius is a measure of how broad the size distribution is, and
thus, generally when cloud droplet concentrations at the same cloud base level are smaller,
the effective radius is larger. Past studies have found that when the effective radius is
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larger than 14 µm, the coalescence process is generally active in the cloud and hence rain
forms more effectively.
The scatter plots in Figure 6.49 display the effective radius as a function of cloud base
concentration for all four seasons. All of the cloud droplet measurements collected in the
UAE show effective radii less than 10 µm for both the summer and winter. From these
analyses, it is believed that clouds in the UAE should be amenable to the hygroscopic
seeding method. However, analyses of other data have shown that winter clouds,
particularly with bases above 3000 m, are not likely to be suitable for other reasons.

Figure 6.49. Cloud droplet concentrations as a function of cloud droplet effective radius (ER) for
the Winter 2001 (top left), Summer 2001 (top right), Winter 2002 (bottom left), and Summer 2002
(bottom right).

However, if the droplet spectrum stays below this threshold value, collisions between
droplets will occur only rarely, and the cloud will have to grow to colder levels where
ice can form before precipitation develops. In these conditions, hygroscopic seeding to
enhance rainfall should be effective.
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On a few occasions drizzle drops (> 50 µm) were measured near cloud base, especially
during the winter when cloud bases were not connected to the boundary layer (as in the
AltoCu and AltoSt cases of Figure 6.47). These larger drops may have resulted from
melted ice particles, but another possible mechanism could be the nucleation of mineral
(desert) dust coated with sulphate or aggregated with salt particles.

Figure 6.50: Cloud droplet effective radius as a function of altitude.

During the winter the droplet effective radius stays nearly constant with altitude while
during the summer there is a shift to larger sizes as clouds grow to higher levels (Fig.
6.50). Hwoever, during both seasons there is large amount of scatter in the data that may
be due to different daily aerosol regimes.
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6.6
CLOUD AND PRECIPITATION PROCESSES
Weather modiﬁcation research requires the involvement of a wide range of expertise
due to the multifaceted nature of the problem and the large range of scales that are
addressed. Large-scale and mesoscale dynamics, which determine the characteristics of
cloud systems, and small-scale microphysics, which determine the nucleation and growth
characteristics of water droplets and ice particles, form part of the chain-of-events leading
to precipitation development (Figure 6.51). Although our knowledge of the individual
aspects in the chain has signiﬁcantly increased in the past twenty years, there are still
major knowledge gaps.

Figure 6.51. The “Precipitation Process Chain”, illustrating the sequence of events, not necessarily
independent, that leads to precipitation at the ground. Processes within each “link” or event often
occur on different spatial and temporal scales.

The synoptic and mesoscale settings of the precipitation process chain are discussed in
Sections 4 and 9. This section will focus on the storm environment (Section 6.7.1) and
the cloud and precipitation processes (Section 6.7.2) during the 2001 ﬁeld campaigns
6.6.1

Environment

One way to understand the meteorological conditions in which clouds evolve into rain
events is to use thermodynamic soundings to look at indicators of convection within the
vertical structure of the atmosphere. These indices can provide an understanding of the
available water vapor and stability of the atmosphere. Table 6.13 summarizes a variety
of standard indices, calculated using the Abu Dhabi 12 UTC soundings. Values placed
in Table 6.13 indicate the lower or upper bound for days when clouds occurred (labeled
“For Clouds”) and when seeding occurred (labeled “For Convection”). Statistics were
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gathered for both cloud physics ﬂight days as well as chemistry and non-ﬂight days.
For the winter, several soundings were not available for ﬂight days. For the summer, a
random sample of chemistry and non-ﬂight days were selected. A predictor for each of
these indices was calculated: (number exceeding criteria)/ (number in category), where
“category” is either cloud or convection.
Table 6.10. Summary of Upper Air Indices calculated from observed soundings at Abu Dhabi
International Airport (AUH).

WINTER: January - March 2001
Type

For Clouds

Predictor*

Precipitable Water

>11

15%

For
Convection
>20

Predictor*
30%

CTI

>7

25%

>14

45%

TTI

>29

15%

>44

80%

VTI

>22

10%

>29

75%

KI

>46

20%

>46

10%

LI

<7

15%

<5

15%

SWT

Scattered

n/a

Scattered

n/a

SSI

<12

22%

<3

50%

LCL

<920 mb

20%

<920 mb

20%

CCL

<650 mb

25%

Scattered

n/a

FL

>600 mb

10%

>600 mb

10%

SUMMER: June – September 2001

63%

For
Convection
>24

35%

>0

65%

>7

50%

TTI

>30

40%

>40

50%

VTI

Scattered

n/a

Scattered

n/a

KI

>53

50%

>57

35%

LI

<0

50%

<-3

30%

SWT

Scattered

n/a

Scattered

n/a

SSI

<7

60%

<3

50%

Type

For Clouds

Predictor*

Precipitable Water

>20

CTI

Predictor*

LCL

>800 mb

60%

>700 mb

50%

CCL

>670 mb

50%

>670 mb

50%

FL

>520 mb

50%

>550 mb

30%

*Predictor equals (number exceeding criteria)/ (number in category), expressed in percent.
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The deﬁnition of each index and a criterium for middle latitude systems are as follows
(Sturtevant, 1995):
• Precipitable Water: The total atmospheric water vapor contained in a vertical
column of air. Sounding value indicates the amount of water available for
rainfall potential.
• CTI: Cross Totals Index – Determines the horizontal transport of unstable air.
Thunderstorms unlikely (<=17); Scattered thunderstorms (20-21); Scattered
thunderstorms with a few severe (24-25); Numerous thunderstorms with
scattered severe (>=30).
• TTI: Total Totals Index – A measure of thunderstorm potential with generally
higher values when low-level moisture extends through 850 mb. Thunderstorms
unlikely (<43); Scattered thunderstorms (45-46); Scattered thunderstorms with a
few severe (49-50). Numerous thunderstorms with many severe (53-55).
• VTI: Vertical Totals Index – This index determines vertical transport of unstable
air. Thunderstorms unlikely (<25); Scattered thunderstorms with a few severe
(27-30); Numerous thunderstorms with scattered severe (>34).
• KI: K Index – Stability index useful in predicting non-frontal thunderstorm
potential. No thunderstorms (0 to 15); Widely scattered thunderstorms (26
to 30); Thunderstorms very likely (36 to 39); 100% chance of thunderstorms
(40+)
• LI: Lifted Index – Helps predict overall atmospheric stability. Thunderstorms
unlikely (>0); Thunderstorms possible – trigger needed (0 to –2); Strong severe
thunderstorms possible (-5 to –7).
• SWT: Sweat Index – Measures thunderstorm potential by examining lowlevel moisture, convective instability, jet maximum, and warm advection.
Thunderstorms unlikely (<272); Moderate risk of thunderstorms (300 to 400);
High risk of severe thunderstorms (<601 to 800).
• SSI: Showalter Index – A measure of thunderstorm potential and severity. It
is especially useful when a shallow, cool layer of air below 850 mb conceals
greater convective potential above. Thunderstorms possible – trigger needed
(1 to 4) Thunderstorms unlikely (>4); Increasing chance of thunderstorms (1 to
–2); High potential of heavy thunderstorms (-2 to –3).
• LCL: Lifting Condensation Level – height at which a parcel of air becomes
saturated when lifted adiabatically.
• CCL: Convective Condensation Level – height at which a parcel of air, if heated
sufﬁciently from below, will rise adiabatically until condensation occurs.
• FL – Freezing Level – height at which the temperature is 0 oC
The data presented in Table 6.13 provides only a preliminary look at how upper air
indices from soundings can be used to help with forecasting convection. The predictor
values presented in Table 6.13 indicate that upper air indices are slightly more useful for
summer systems than for winter systems with a greater number of values at or above
50%. However, 50% still leaves much room for better delineation of the criteria. In both
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seasons, TTI is the most useful indicator of convection, with an 80% predictor value in
the winter.
The signal visible in the initial analysis of these predictors suggests there is some potential
for using these upper air indices for convection, and possibly cloud seeding, forecasting
in the UAE. However, larger samples of cloudy and non-cloudy days are needed to ﬁnetune the predictability using these indices.
6.6.2

Precipitation Development

Precipitation initiation and development can proceed via several physical paths (Figure
6.52). These involve various microphysical processes, which proceed simultaneously
but at different rates, resulting in one path becoming dominant because of its greater
efﬁciency under given atmospheric conditions. The efﬁciency with which clouds produce
rain at the surface varies greatly. Precipitation efﬁciency, deﬁned as the ratio of the rate of
rain reaching the ground to the ﬂux of water vapor passing through cloud base (Marwitz,
1972), can range from zero in non-precipitating clouds to greater than unity for short
times in very intense, convective systems (Cotton, et al., 1989). Some of the earliest
studies showed that ordinary thunderstorms transform less than 20% of the in-ﬂux of
water vapor into rain on the ground (Braham, 1952). The principles of most, if not all,
precipitation enhancement hypotheses are rooted in these efﬁciency factors, which in
general, seek to improve the effectiveness of the precipitation evolution path. The seeding
conceptual model (physical hypothesis) describes how this is accomplished by the
seeding intervention, and speciﬁcally how the initiation and development of precipitation
in seeded clouds differs from that in unseeded clouds and affects the dynamics of the
cloud.

Figure 6.52.
Various
pathways by
which water
vapor is
transformed
into various
types of cloud
particles and
precipitation.
Adapted from
Houze (1993,
p. 96).
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Precipitation formation mechanisms can differ dramatically from one location to another,
and even at one location, depending on the meteorological setting. Precipitation growth
can either take place through coalescence or the ice process or a combination of the two
(Figure 6.52). In clouds with tops warmer than 0o C, precipitation can develop only by
means of the coalescence process. Clouds are further categorized as either continental or
maritime, which describes their degree of colloidal instability. However, when cloud tops
reach temperatures colder than 0o C, ice may develop and precipitation can form through
a different set of paths, as is depicted in Figure 6.52.
The number concentration and size spectrum of cloud droplets will inﬂuence the cloud’s
precipitation efﬁciency and can also vary dramatically, depending on the CCN size
distribution. A maritime droplet spectrum will consist of fewer particles but more large
drops than in a continental spectrum (Pruppacher and Klett, 1978) leading to a more
efﬁcient precipitation process. Figure 6.47 (in Section 6.5) provides a representative cloud
droplet distribution for most of the cloud types encountered during the ﬁeld campaigns in
the UAE. In general, the spectra are narrow with high droplet concentrations. The lower
concentrations exhibited in the altostratus during both seasons is indicative precipitation
formation through ice production rather than a tendency to be maritime in nature.
The vertical depth of the cloud also impacts how efﬁcient it is at precipitation production
(Cotton and Anthes, 1989). The deeper the cloud, the more likely precipitation will form.
One way of inferring the depth of the cloud is to look at the horizontal scale of the
convective core, deﬁned by an elevated region of liquid water content and associated
with the peak vertical velocities in the cloud. Figure 6.53 depicts the frequency of cores
sampled, regardless of height, with droplet concentrations continuously exceeding 100
cm-3 and liquid water contents greater than 0.05 g m-3. The winter histogram is on the left
and summer is on the right. Comparison of the two plots shows little difference between
seasons when all cores are grouped this way. However, Figure 6.53 also indicates that a
high percentage of the sampled clouds had convective cores less than 2 km, regardless
of the season

Figure 6.53. Diameter of convective cores sampled during winter (left) and summer (right). Cores
are deﬁned by droplet concentrations >100 cm-3 and LWC >0.05 g m-3.
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Generally, a cloud with an adiabatic core greater than 2 km is likely to form precipitation,
with the likelihood increasing as the maximum liquid water content increases. Another
generality stated in Cotton and Anthes (1989) is that unless a cloud produces liquid water
contents of 0.5 g m-3, it is unlikely to precipitate. Figure 6.54 details the frequency of
convective cores larger than 2 km as a function of maximum liquid water content. As in
Figure 6.53, the winter histogram is on the left and summer is on the right. A signiﬁcantly
greater number of convective cores exceeded 0.5 g m-3 during the summer months than
during the winter months, suggesting summer clouds are more likely to have adequate
liquid water contents available for producing precipitation.

Figure 6.54. Distribution of maximum LWC in convective cores greater than 2 km in diameter
during winter (left) and summer (right). Cores are deﬁned by droplet concentrations >100 cm-3 and
LWC >0.05 g m-3.

Figure 6.55 provides the average maximum liquid water content as a function of core
diameter, out to 6 km. During the summer, the average maximum liquid water content
appears to increase almost linearly while during the winter, there is much more variability.
This may be due in part to the greater variety of clouds sampled during the winter season.
Also, during the summer, the average maximum liquid water content exceeds 0.5 g m-3 for
cores greater than 1 km, suggesting that some of the smaller convective cores may also
be candidates for seeding.
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Figure 6.55. Average maximum LWC as a function of core diameter during winter (left)
and summer (right). Cores are deﬁned by droplet concentration >100 cm-3 and LWC
>0.05 g m-3.
Another distinction that is often made in continental summertime convective clouds
(Braham, 1986; Silverman, 1986) is the temperature levels at which the ice crystals
nucleate. In clouds with “cold bases” (<10o C) and narrow cloud droplet spectra, ice
tends to develop between the -9 to -12o C levels (Krauss, et al., 1987; Bruintjes, et al.,
1987). In clouds with “warm bases” (>10o C), coalescence usually occurs together with an
active ice multiplication process in the -5 to -8oC region (Hallet and Mossop, 1974). The
dominant ice crystal habit will differ in both cases, with hexagonal plates and dendrites
being the dominant graupel embryos in the former case, and large frozen drops, columns
and capped columns in the latter. For warm-base clouds, precipitation development via
the ice phase is initiated earlier and functions more efﬁciently than for cold-base clouds
(Johnson, 1987; Bruintjes, et al., 1987). The concentrations of ice crystals for warm-base
cases are usually higher than for cold-base cases. It is clear that responses to seeding will
differ, depending on the precipitation mechanism that is operating at the time. Table 6.14
provides a summary of key values associated with ﬂights that reached the freezing level.
Table 6.11. Summary of environmental and cloud properties for ﬂights that reached
the freezing level during the 2001 ﬁeld projects. Deﬁnitions of abbreviations are below
table.
WINTER: January – March 2001
Date
9 Jan
10 Feb
10 Feb
17 Mar
17 Mar
18 Mar
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m
2200
4600
4900

CB
Temp
C
10.7
-4.4
-6.3

3500

9.0

CB

CB SPP FL
cm-3
420
210
280
110
130
170

m
3400
4500
4200
4400
4400
4400

SPP @
FL
cm-3
0
0
250
150
100
30

2DC @
FL
L-1
n/a*
2590
2710
425
6570
3520

Max 2D
L-1
n/a*
2590
2710
425
6570
3520

Temp @
Max 2D
C
n/a*
-8
0.5
-1.9
-4.2
2.7

18 Mar
23 Mar
25 Mar
25 Mar

3800
3600
3400
3700

6.0
3.4
6.0
5.0

95
120
370
210

4700
4200
4300
4400

30
0
0
225

4940
4550
1120
2310

4940
4550
1120
80

-0.5
1.2
-2.5
6.4

SUMMER: June – September 2001
Date

CB

23 Jun
29 Jun
14 Jul
24 Jul
30 Jul
31 Jul
22 Aug

m
5000
4000
4400
5700
3500
4200
3400

CB
Temp
C
4.0
8.0
10.7
1.0
13.0
8.0
15.0

CB SPP FL
#/cc
575
725
100
250
880
500
1120

m
5300
5600
5900
5800
5700
5700
5300

SPP @
FL
#/cc
200
600
75
6
450
200
400

2DC @
FL
#/L
250
n/a*
n/a*
6380
50
1200
0

Max 2D
#/L
1550
n/a*
n/a*
6380
230
11920
64

Temp @
Max 2D
C
-1.6
n/a*
n/a*
0
1.4
-3
2.5

* Cloud base height (CB), cloud base temperature (CB Temp), maximum cloud base droplet

concentrations (CB SPP), freezing level height (FL), maximum droplet concentrations at
the freezing level (SPP @ FL), precipitation size particle concentrations at the freezing
level (2DC @ FL), the maximum particle concentrations (Max 2DC) and temperature at
which this maximum occurs (Temp @ Max 2D). n/a - 2DC was not mounted on aircraft
or not operating properly.
The cloud base height and freezing levels presented in Table 6.14 were determined from
vertical proﬁles taken during the ﬂights. The average freezing level during the winter
ﬂights was 4300 m, while during the summer ﬂights was 5600 m. These averages are
both slightly higher than 20-year averages presented in Harris, et al. (2000) of 4200 m and
5300 m respectively. There is a slight trend for lower freezing levels to be correlated with
larger cloud base droplet concentrations (CB SPP). Cloud bases for these samples during
both seasons were above 3400 m, which places the bases much closer to the freezing level
in the winter than in the summer.
During the winter, cloud base temperatures were generally colder than 10°C, suggesting
that winter clouds may be dominated by ice phase processes (Johnson, 1987; Bruintjes, et
al., 1987). The summer tended to have more cases when cloud base temperatures were
warmer than 10°C, suggesting that coalescence in conjunction with ice processes may
be the primary precipitation formation mechanism. Table 6.15 shows the distribution
of cloud base temperatures by season from the sampled clouds listed in Tables 6.4 and
6.5. While these were not statistical samples, they give an indication of what might be
expected during each season. The total frequency of warm-base conditions shows that
these occurred about a third more frequently in summer than winter (36% versus 27%).
More revealingly, based on the cloud type frequencies reported in Tables 6.4 and 6.5,
only 30% of the “warm-based” clouds sampled during the winter season may have had
enough vertical development to reach the freezing level. In contrast, all but two warmbased clouds sampled during the summer were towering cumulus or cumulonimbus, both
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of which extend above the freezing level. An ice phase process is likely to be a necessary
component in effective precipitation development, which becomes more efﬁcient in
conjunction with the coalescence process. Even though hygroscopic cloud seeding seeks
to initiate or enhance the coalescence process in this chain of events, without an ice phase
process most of the winter clouds sampled would be eliminated from consideration for
seeding.
Table 6.12. Distribution of cloud base temperatures, grouped by season. Data are derived from
Tables 6.4 and 6.5.

>15 C 10 - 15 C 5 - 10 C 0 - 5 C -5 - 0 C

<-5 C

Total >10 C

Winter

6%

21 %

17 %

17 %

29 %

10 %

27 %

Summer

15 %

21 %

29 %

25 %

10 %

0%

36 %

6.6.3

Case Studies from 2001

Particle characteristics of nine separate cases of precipitation development from the
2001 ﬁeld projects are presented in this section. Table 6.16 summarizes the cloud types,
precipitation particles present throughout the cloud, and resultant precipitation below
cloud base. There is one weak or non-precipitating cloud for both winter (22 February
2001) and summer (22 August 2001) seasons included in Table 6.16. Neither case had
identiﬁable ice particles present within the cloud. The summer case did have some
precipitation-size particles, large drizzle and small raindrops, just above the freezing
level and below cloud base. Inspection of the remaining seven cases shows there is no
consistent trend in the generalization of precipitation particles when compared with the
type of precipitation found below cloud base.
Table 6.13. Summary of selected cloud and precipitation processes studies. Cloud type,
precipitation particles present throughout the cloud and observed precipitation type at 1000 ft
below cloud base are included.

Winter: January-March 2001
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Date

Cloud Type

Precipitation
Particles*

Precipitation Type

9 January

Stratocumulus
and cumulus

R, G, RI

Light rain

22 February

Thin altocumulus

None

None

18 March

Glaciated
altostratus

R, A, RI, I

Melting aggregates

25 March

Altocumulus

R, G, RI

Light rain

Summer: June – September 2001
Date

Cloud Type

Precipitation
Particles*

Precipitation Type

23 June

Shallow
altocumulus

R, G, RI

Light rain

14 July

Altostratus/
altocumulus
blowoff from
Omani convection

R, G**

Light rain and drizzle

19 July

Multicellular
cumulus

R

Rain

31 July

Cumulonimbus

R, G, RI, I

Heavy rain

22 August

Capped
altocumulus

R, D (near cloud
top)

Very light rain

* R=rain, D=drizzle, G=graupel, RI=rimed ice, A=aggregate, I=cloud ice.
** Information taken from ﬂight notes - no 2DC or 2DP data available.
Table 6.17 provides an overview of how to interpret 2DC imagery presented in case
summaries in Figure 6.56 to 6.65. An example of the cloud’s physical appearance,
precipitation-size particle images (2DC or 2DP probes), and a representative radar image
are presented for each case. A brief description of the case is provided below each
ﬁgure.
Table 6.14. Examples of how to interpret 2DC images. Horizontal width equals 800 µm.

Rain
(>200µm)

Circular

Drizzle
(<200µm)

Small dots

Graupel
(>500µm)

Bumpy and
Irregular

Rimed Ice
(100µm+)

The shape of ice is
distinguishable.
Aggregates look
similar; rimed ice
tends to be more
“lumpy”

Ice (10µm1mm)

Columns with
little or no
riming
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6.6.3a

Winter

The clouds on 9 January varied from stratocumulus to more distinct cumulus convection.
This particular example had a cumuliform appearance and was approximately 3 km thick.
The photograph was taken northwest of Al Ain. There are few echoes in this region,
indicating that there was very little precipitation formation in the clouds at the time of
the photo and radar image. There was light rain present below cloud base. This case,
which included cloud passes above the freezing level, was prior to but had common
features with the seeding case presented in Section 7.3.1. More details of this day are
also provided Section 9.3.3.

Altitude (m)

2200

Temp ( C)

6.2

o

Droplet Conc. (cm )

495

LWC (g m )

0.53

-3

-3

CB Drop Conc. (cm )

500

CB LWC (g m )

0.41

Precip. below cld base

Light rain

-3

-3

Figure 6.56. Photo of cloud (upper left), 2DC images (bottom left), and radar image (right) for 9
January 2001. Cloud data are for 1223 UTC and radar data are at 1230 UTC.

A representative sample of 2DC images is provided in Figure 6.56. The particles are made
up of small (100-200 µm) drizzle drops, rain, and possibly graupel (300-600 µm). These
images were taken near cloud base, 2200 m (Table 6.14), where the temperature was
~6oC. At this altitude, the cloud droplet concentration, measured by the FSSP, was 495
cm-3 and the LWC was 0.53 g m-3. The LWC and temperature would suggest that the small
particles represented on the 2D display are all liquid drops that may have formed from the
melting of the graupel particles falling below the freezing level (3400 m, Table 6.14).
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The clouds on 22 February were weak altocumulus. The picture in Figure 6.57 shows
clouds that appear to be sheared with very little vertical development. This picture was
taken over the Gulf approximately 50 miles northwest of Abu Dhabi. There were no
echoes in the region, suggesting no signiﬁcant precipitation formation at this time. No
precipitation was detected below cloud base.

Altitude (m)

3700

Temp ( C)

2.1

o

Droplet Conc. (cm )

275

LWC (g m )

0.29

-3

-3

CB Drop Conc. (cm )

190

CB LWC (g m )

0.17

Precip. below cld base

None

-3

-3

Figure 6.57. Photo of similar cloud (upper left), 2DC images (bottom left), and radar image (right)
for 22 February 2001. Cloud data are for 1058 UTC and radar data are at 1103 UTC.

The representative sample of 2DC data (Figure 6.57) shows there were no precipitationsized particles imaged in this cloud. This display was taken at 3700 m, 200 m above
cloud base. The temperature was 2.1oC. At this altitude, the cloud droplet concentration,
measured by the FSSP, was 275 cm-3 and the LWC was 0.29 g m-3. This cloud did not grow
high enough to reach the freezing level, and therefore is not included in Table 6.14.
The clouds on 18 March were altostratus that were comprised mainly of aggregates and
other ice particles. Virga (evaporating rain) is evident in the cloud photo. The data for
this ﬂight, depicted in Figure 6.58, were taken in the mass of clouds over the Gulf on the
radar image. The echoes were non-cellular, with maximum reﬂectivities of approximately
25 dBZ. There was light rain from melting aggregates present below cloud base.

331

Altitude (m)

3950

Temp ( C)

-0.8

Droplet Conc. (cm-3)

170

LWC (g m )

0.05

o

-3

CB Drop Conc. (cm )

190

CB LWC (g m )

0.09

Precip below cld base

Light rain

-3

-3

Figure 6.58. Photo of similar cloud (upper left), 2DC images (bottom left), and radar image (right)
for 18 March 2001. Cloud data are for 0517 UTC and radar data are at 0519 UTC.

A representative sample of 2DC images is provided in Figure 6.58 and was collected
between Abu Dhabi and Tarif, prior to ﬂight over the Gulf. The particles are made up of
medium (200-300 µm) ice particles, probably rimed, and aggregates with some riming
forming relatively large (>800 µm) ice particles. These images were taken just above
cloud base (3800 m, Table 6.14) near 0oC. At this altitude, the cloud droplet concentration
was variable but peaked at 170 cm-3, and the LWC was 0.05 g m-3. The pattern of the
echoes, the very patchy regions of LWC, and the visual cloud base support the 2DC
images, suggest that the particles are mainly ice.
The clouds on 25 March were altocumulus that formed between Al Ain and Hatta. The
photo shows that the clouds had a cumuliform appearance. The cloud data presented here
was taken in a developing cumulus just northeast of Al Dhafra Air Force Base. Maximum
reﬂectivity at the time of the radar image was about 25 dBZ, which is consistent with the
observation of light rain present below cloud base.
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Altitude (m)

3670

Temp ( C)

6.0

Droplet Conc. (cm-3)

50

LWC (g m )

0.07

o

-3

CB Drop Conc. (cm )

250

CB LWC (g m )

0.23

Precip below cld base

Light rain

-3

-3

Figure 6.59. Photo of similar cloud (upper left), 2DC images (bottom left), and radar image (right)
for 25 March 2001. Cloud data are for 1010 UTC and radar data are at 11:03 UTC.

The 2DC images (Figure 6.59) are particles made up of small to medium (100-300 µm)
ice particles, possibly drizzle drops, rain drops (melted graupel), and large graupel (600800+ µm). These images were taken in scattered cloud at cloud base (3700 m, Table
6.14) where the temperature was about 6oC. At this altitude and in scattered conditions,
the cloud droplet concentration was only 50 cm-3 and the LWC was 0.07 g m-3. The
temperature of the observations suggests that many of the small particles in the 2D display
are drizzle drops that probably formed from melting graupel particles, falling below the
freezing level of 4300 m .

6.6.3b

Summer

The clouds on 23 June were fairly high-based (5000 m) altocumulus. The cloud shown
in the photo of Figure 6.60 has diffuse edges and was approximately 1.5 km thick. The
clouds were sampled north of Al Ain and southwest of Hatta. The radar image at the time
of the sample shows small echoes a bit south of this area, and echoes later formed brieﬂy
near the sampled cloud. Very few precipitation-sized particles were obviously present in
this cloud. There was very light rain present below cloud base.
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Altitude (m)

5350

Temp ( C)

-4.8

o

Droplet Conc. (cm )

590

LWC (g m )

0.26

-3

-3

CB Drop Conc. (cm )

580

CB LWC (g m )

0.45

Precip below cld base

Light rain

-3

-3

Figure 6.60. Picture of cloud (upper left), 2DC images (bottom left), and radar image
(right) for 23 June 2001. Cloud data are for 1050 UTC and radar data are at 1130 UTC.
A representative sample of 2DC images is provided in Figure 6.60. The particles are
made up of small (100-200 µm) ice particles (and possibly drizzle drops), and mostly
medium-sized graupel (400-800+ µm). These images were taken at temperatures colder
than freezing (–4.8oC). At this altitude, the cloud droplet concentration was 590 cm-3
and the LWC was 0.26 g m-3. This is consistent with the rimed particles in the 2DC
data.
The clouds on 14 July were altostratus with some weak convective elements, resulting
from blow-off of thunderstorms that formed just east of Al Ain. The photo in Figure
6.61, taken midway between Abu Dhabi and Al Ain, shows the clouds were very layered.
The radar image is 30 min prior to the presented cloud data, and was chosen to show
the origination point of the convection. Maximum reﬂectivities of these echoes were
approximately 25 dBZ, which is indicative of precipitation-sized particles in the cloud.
There was light rain and drizzle present below cloud base.
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Altitude (m)

4350

Temp ( C)

5.2

o

No 2DC or 2DP data available for this day.
PCASP was installed on aircraft.
Flight notes indicate drops, drizzle and ice
were seen on the windscreen of the aircraft.

Droplet Conc. (cm )
-3

120

-3

LWC (g m )

0.03

CB Drop Conc. (cm-3)

170

CB LWC (g m-3)

0.08
Lt rain &
drizzle

Precip below cld base

Figure 6.61. Picture of cloud (upper left), 2DC images (bottom left), and radar image (right) for 14
July 2001. Cloud data are for 1218 UTC and radar data are at 1150 UTC.

No 2DC data were available because the instrument was not mounted for this ﬂight.
However, ﬂight notes indicate that drizzle with some ice was seen on the windscreen of
the aircraft. At cloud base, the cloud droplet concentration was 170 cm-3 and the LWC
was about 0.1 g m-3. The temperature was 10.7oC at cloud base, which was 1500 m below
the freezing level.
The clouds on 19 July were cumulus with reasonably deep vertical development of 2-3
km. This particular example was a line of three cells that eventually merged together.
The picture was taken on the UAE border just west of Hatta. Maximum reﬂectivities of
these echoes were approximately 35 dBZ, and they merged to form a cumulonimbus that
produced rain at the surface. There was heavy rain present below cloud base.
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Altitude (m)

2770

Temp ( C)

17.2

o

Droplet Conc. (cm )

740

LWC (g m )

0.54

-3

-3

CB Drop Conc. (cm )

same

CB LWC (g m )

same

Precip below cld base

Heavy rain

-3

-3

Figure 6.62. Picture of cloud (upper left), 2DP images (bottom left), and radar image (right) for 19
July 2001. Cloud data are for 1209 UTC and radar data are at 1201 UTC.

A representative sample of 2DP images is provided in Figure 6.62. This instrument
has a larger sample volume than the 2DC and therefore can measure larger particles.
The horizontal width across a bar of images represents 6.4 mm, so the particles at this
particular time appear to be large (1-5 mm) raindrops, as well as artifacts (streaks). Rain
streaming across the optics produces the long vertical streaks evident in the image. These
images were taken at about 2800 m, 300 m above cloud base, which was approximately
2500 m. The sample temperature was 17.2oC, the warmest of the examples provided
in this report. In this case, measurements at the freezing level were not made. At this
altitude, the cloud droplet concentration was 740 cm-3 and the LWC was 0.54 g m-3, values
indicative of active convection.
The clouds on 31 July were cumulonimbus in nature and were spread throughout the
UAE. More details of this day are provided in Section 7.3.2a. This picture was taken near
Jebel Ali. Maximum reﬂectivities of these echoes were approximately 60 dBZ, which is
indicative of large precipitation-sized particles. There was heavy rain present below cloud
base and rain reported on the ground in Dubai, Jebel Ali, Abu Dhabi and Al Dhafra.
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Altitude (m)

5130

Temp (oC)

-0.3

Droplet Conc. (cm-3)

300

LWC (g m )

1.26

-3

CB Drop Conc. (cm )

600

CB LWC (g m )

0.35

Precip below cld base

Heavy rain

-3

-3

Figure 6.63. Picture of cloud (upper left), 2DC images (bottom left), and radar image (right) for 31
July 2001. Cloud data are for 1128 UTC and radar data are at 1151 UTC.

A representative sample of 2DC images is provided in Figure 6.63. The instrument
was not working well this day, so these are the only images available for analysis. The
particles are made up of mostly graupel (heavily rimed ice particles) across a spectrum of
sizes (200-800+ µm). These images were taken at the freezing level. The cloud droplet
concentration was 300 cm-3 and the LWC was 1.26 g m-3at this altitude. The LWC is
still quite high at this altitude, although the droplet concentrations are less than those
measured at cloud base. These suggest that the riming process, at and above the freezing
level, was scavenging cloud droplets but was still active during the penetrations. This is
consistent with the appearance of large graupel in the cloud between cloud base and the
freezing level, as evidenced by the high reﬂectivity values present in the radar image.
The clouds on 22 August were towering cumulus located over the Oman Mountains.
This picture was taken near the near cloud top at 5300 m over the mountains just west of
Fujairah. There are no radar echoes visible in the area, indicating little to no precipitation
formation occurring in this cloud. In this case, there were small- to medium-sized
raindrops and a maximum in LWC near cloud top but very little rain was present below
cloud base after the proﬁle was completed.
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Altitude (m)

5130

Temp ( C)

-0.9

o

Droplet Conc. (cm )

960

LWC (g m )

1.05

-3

-3

CB Drop Conc. (cm )

1000

CB LWC (g m )

0.29

Precip below cld base

Very light
rain

-3

-3

Figure 6.64. Picture of cloud (upper left), 2DC images (bottom left), and radar image (right) for 22
August 2001. Cloud data are for 1144 UTC and radar data are at 1141 UTC.

A representative sample of 2DC images is provided in Figure 6.64. The particles shown
are small raindrops (200-800 µm). These images were taken close to the freezing level
(5300 m, Table 6.14), 1900 m above cloud base. At this altitude, the FSSP-measured
cloud droplet concentration was 960 cm-3 and the LWC was 1.05 g m-3. The maximum
LWC of 2.1 g m-3 was located just below this level at approximately 4800 m.
6.6.4

Example Analysis of Clouds During Randomized Experiment

Research 1 performed varied types of microphysical measurements when not engaged in
seeding activities. Measurements near cloud base were taken after most seeding operations
as well as during coordinated randomized experiments with Research 2. Similarly,
penetrations were performed at approximately -5º C to investigate a potential link between
seeding, drizzle formation, ice multiplication, and precipitation development (temperature
range of -3º to -8º C). Also, when conditions allowed, coordinated measurements in
rainshafts were attempted. Due to several issues mentioned earlier only a few coordinated
cases were successful. However samples of rainshafts were obtained at other times during
the experiment.

338

Figure 6.65 shows the time series of a cloud base penetration taken on 8 September 2003
between 10:30:55 and 10:31:35. The altitude of the penetration averaged approximately
8,700 feet (2650 m). Research 2 was seeding at the time of this cloud base pass. Research
1 was attempting to sample the cloud directly above the Research 2 track.
The primary cloud core is indicated in Figure 6.65 by the sharp rise in cloud droplet
concentration (middle panel) at approximately 10:31:14 UTC. A consistent concentration
of cloud droplets and liquid water content (lower panel) continue until approximately
10:31:34. This means the most solid portion of the cloud was approximately 2000 m
wide (assuming a true air speed of 100 m s-1). While the interior of the cloud was fairly
homogeneous with a droplet concentration of 600 cm-3 and FSSP liquid water contents
of 0.26 g m-3, the small size of the core suggests that the cloud is marginal as a good
candidate cloud. Also note that the liquid water contents measured by the King LWC
probe were double those of the FSSP-calculated LWC. This discrepancy suggests that the
FSSP may not have been sizing or counting properly during this portion of the project.
The Rosemount temperature (green line in top panel of Figure 6.65) shows quite a bit
of structure as the cloud and surrounding environment are sampled. The environmental
temperature just before cloud penetration was 15oC. The main cloud core (10:31:14 to
10:31:30) was ﬂanked by downdrafts with minimum temperatures of 12.5o and 10.5o
C (left and right respectively). The temperature within the main core of the cloud was
warmer (13.2o C) than the downdrafts. The downdrafts also indicate evaporating regions
with low LWC.
Cloud droplet distributions from the core of the cloud (10:31:10 to 10:31:40) are depicted
in Figure 6.66. Distributions were averaged over 5 seconds. There does not appear to be
a signiﬁcant shift in the mean diameter of approximately 8 µm throughout the cloud and
the distributions at cloud base do not extend beyond 20 µm, indicating continental cloud
droplet spectra.
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Figure 6.65. Transect through cloud base on 8 September 2003. Altitude (ft) in red,
Rosemount Temperature (oC) in green, and Vaisala Temperature (oC) in blue are shown
in top panel. FSSP concentration is in the middle panel, and FSSP and King LWC (gm-3)
are shown in the bottom panel.
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Figure 6.66. Drop size distributions from 8 September 2003. Each panel depicts data averaged
over 5 seconds starting at 10:31:10 (upper left), 10:31:15 (upper middle), 10:31:20 (upper right),
10:31:25 (lower left), 10:31:30 (lower middle), and 10:31:35 (lower right).

After performing the cloud base penetrations, Research 1 descended to sample the
rainshaft. Unfortunately both 2D probes were not working properly at this time. Flight
notes indicate that there was moderately heavy rain hitting the aircraft at an altitude of
6200 ft (1900 m) and the rain was reaching the ground of a small village below the
aircraft. Figures 6.68 and 6.69 show the images recorded by both 2D probes at this time.
The lack of distinguishable shapes between each vertical line (also called sync words) and
the frequency of the lines indicates the probe is malfunctioning. Figures 6.70 and 6.71
show 2D images taken while the 2D probes were properly imaging in a similar rainshaft
on 6 September 2003. Notice that the precipitation particle shapes and sizes are easily
distinguished in this case.
Figures 6.72 and 6.73 provide another set of examples from the 2D probes. These
data were taken on 30 August 2003 while Research 1 was performing a precipitation
development coordinated randomized experiment. Discrimination between the ice (nonspherical and irregular) and drizzle drops are particularly evident in the 2D-C imagery
(top panel).
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Figure 6.67. 2D-C images taken in a rainshaft on 8 September 2003. Times are indicated
below the bar. The scale across the bar is 800 µm.

Figure 6.68. 2D-P images taken in a rainshaft on 8 September 2003. Times are indicated
below the bar. The scale across the bar is 6400 µm.
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Figure 6.69. 2D-C images taken in a rainshaft on 6 September 2003. Times are indicated
below the bar. The scale across the bar is 800 µm.

Figure 6.70. 2D-P images taken in a rainshaft on 6 September 2003. Times are indicated below the
bar. The scale across the bar is 6400 µm.
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Figure 6.71. 2D-C images taken during an precipitation development experiment at approximately
-2.5º C on 30 August 2003. Times are indicated below the bar. The scale across the bar is 800 µm.

Figure 6.72. 2D-P images taken during an precipitation development experiment at approximately
-2.5° C on 30 August 2003. Times are indicated below the bar. The scale across the bar is 6400 µm.
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FSSP and King LWC measurements depicted in Figure 6.73 indicate there was substantial
supercooled liquid water (LWC > 1.0 g m-3) and moderate cloud droplet concentrations
(500 cm-3) at the -5oC level in this cloud. These conditions support the possibility of
drizzle formation. Conﬁrmation of the presence of drizzle drops is evident in Figure 22.
Many of the smaller precipitation particles (especially those with clear spots in the center)
are drizzle drops.

Figure 6.73. Transect through cloud for precipitation development randomized experiment on 30
August 2003. Altitude (ft), Rosemount Temperature (C), and Vaisala Temperature (C) are shown in
top panel. FSSP concentration is in the middle panel, and FSSP and King LWC (g m-3) are in the
bottom panel. Colors are the same as in Figure 6.65 and time is in UTC.

More of these measurements coupled with FSSP and Liquid Water Content at the -5o
C level may help conﬁrm the theory that hygroscopic seeding increases the drizzle
droplet population aloft which in turn may have signiﬁcant impacts on the precipitation
efﬁciency and longevity of the clouds as found in previous studies. However, this needs
to be conﬁrmed for clouds in the UAE/Oman environment (see section 7).
6.6.5

Discussion

A comparison of cloud photos in Figures 6.56 through 6.64 shows that all types of lowand mid- level clouds were sampled. 2DC images indicate that the presence of graupel is
common when precipitation occurs below cloud base. For example, 22 February (Figure
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6.57) and 22 August (Figure 6.64) had little or no particles with sizes large enough to
be sampled by the 2DC. The ones sampled on 22 August were drizzle drops with some
small rain mixed throughout the upper levels of the cloud. Both of these days were nonprecipitating days. On all other days, graupel and other rimed ice particles were evident
in the 2D samples.
Inspection of the LWC observations shows no clear relationship between LWC and the
formation of precipitation. However, these examples are only “snapshots” of the clouds,
and are not necessarily consistent in their portrayal (e.g., different altitudes, stages of
growth, size of clouds, etc.). Generally, in growing cumuliform clouds, higher LWC’s
lead more quickly to precipitation formation. But as Figure 6.52 demonstrates, the
paths to precipitation formation are interconnected and complex, and therefore remain a
challenge to understand completely.

*

346

*

*

*

*

Section 7

CLOUD SEEDING
STUDIES &
ASSESSMENT

Cloud Seeding Studies and Assessment
7.1

BACKGROUND

In the past ten years, a new approach to hygroscopic seeding has been explored in
summertime convective clouds in South Africa as part of the National Precipitation
Research Programme (Mather et al., 1997). This approach involves seeding summertime
convective clouds below cloud base with pyrotechnic ﬂares that produce small salt
particles on the order of 0.5 µm diameter in an attempt to broaden the initial cloud droplet
spectrum and accelerate the coalescence process. The burning ﬂares provide larger CCN
(>0.3 µm diameter) to the growing cloud, inﬂuencing the initial condensation process
and allowing fewer CCN to activate to cloud droplets. The larger artiﬁcial CCN inhibit
the smaller natural CCN from nucleating, resulting in a broader droplet spectrum at cloud
base. The fewer cloud droplets grow to larger sizes and are often able to start growing
by collision and coalescence with other cloud droplets within 15 minutes (Cooper et al.,
1997), initiating the rain process earlier within a typical cumulus cloud lifetime of 30
minutes.
The development of this seeding approach was triggered by radar and microphysical
observations of a convective storm growing in the vicinity of a large paper mill, which
indicated an apparent enhancement of coalescence in these clouds as opposed to other
clouds far away from the paper mill (Mather, 1991). Earlier observations by Hindman
et al. (1977) also suggested a similar connection between paper mills and enhanced
precipitation.
There are signiﬁcant operational advantages to this form of hygroscopic seeding. The
amount of salt required is much less, the salt particles are readily produced by ﬂares, and
the target area for seeding is an identiﬁable region at cloud base (updraft region) where
the initial droplet spectrum is determined (Cooper et al., 1997).
Mather et al. (1997) reported the results from a randomized cloud seeding experiment
that was conducted from 1991 to 1996 in summertime convective clouds in the Highveld
region of South Africa. The results of this experiment indicated that precipitation from
seeded storms was signiﬁcantly larger than from control (unseeded) storms (Figure 11 in
Mather et al., 1997). The results were statistically signiﬁcant at the 95% conﬁdence level.
Exploratory analyses indicated that seeded storms rained harder and longer than unseeded
storms (Mather et al., 1997). Mather et al. (1997) also provided supporting microphysical
evidence that supported the physical hypothesis. It is remarkable that statistical
signiﬁcance was reached on such a small sample set of 127 storms (62 seeded and 65
controls). The seeding signal was strong and readily detected, making the statistical tests
very reasonable. Orville (1995) described the results from this experiment as perhaps the
most signiﬁcant scientiﬁc advancement in the past ten years in weather modiﬁcation.
348

The calculations of Reisin et al. (1996) and Cooper et al. (1997) support the hypothesis
that the formation of precipitation via coalescence might be accelerated by the salt
particles produced by hygroscopic ﬂares. These studies also found that for clouds with
a maritime cloud droplet spectra hygroscopic seeding with the ﬂares will have no effect,
since coalescence is already very efﬁcient in such clouds. However, the results from the
calculations should be interpreted with caution since they oversimplify the real process
of precipitation formation. Cooper et al. (1997) identiﬁed some of the shortcomings in
the calculations related to mechanisms that broaden cloud droplet size distributions,
sedimentation, and the possible effects on ice phase processes.
Bigg (1997) performed an independent analysis of the South African experiments and
also found that the seeded storms lasted longer than the unseeded storms. Bigg (1997)
also outlined some possible dynamic responses, which also were identiﬁed by Mather et
al. (1997). Bigg suggested that the initiation of precipitation started at a lower height in
the seeded clouds than in the unseeded clouds and that a more concentrated downdraft
resulted closer to the updraft. The surface gust front generated by the seeded storm was
thereby intensiﬁed and its interaction with the storm inﬂow enhanced convection.
The promising new results of the South African experiment, as well as the model
calculations, led to the start of a new program in Mexico in 1996 using the South African
hygroscopic ﬂares in a similar fashion as in the South African program. The Mexican
program, under leadership of NCAR, was conducted from 1996 to 1998 and included
physical measurements and a randomized seeding experiment. Bruintjes et al. (2001)
provides an overview of the experiment and preliminary results.
The World Meteorological Organization subsequently sponsored a workshop of leading
scientists in the world to evaluate this new technique and the experiments that were
conducted in South Africa, Thailand and Mexico (Foote and Bruintjes, 2000). Two major
points from this report can be summarized as follows:
• The recent experiments, if accepted, lead beyond the classical result in cloud
physics linking cloud condensation nuclei and droplet spectra at cloud base to
the efﬁciency of rain (for example, the probability that a cloud of a given depth
will produce rain). Rather, these experiments suggest that CCN affect the total
rainfall from a cloud, and apparently also the longevity of the cloud. This would
have important practical implications not only for water resource issues, but also
for such things as quantitative precipitation forecasting and global change (for
example, a regional change in CCN might easily accompany a mean change in
temperature).
• The ﬁnal and perhaps the strongest conclusion of the workshop was that the
experimental results were sufﬁciently exciting, and the topic sufﬁciently
important, that a new international initiative should be launched to understand the
physical processes taking place. It was recommended that a major cooperative
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ﬁeld experiment employing modern instrumentation be planned and carried out
in the near future.
Based on these exciting results, it was decided to evaluate this technique in the UAE. In
addition, the WMO workshop also identiﬁed several areas where knowledge was lacking
and where more research was needed. These areas included a better understanding of the
natural and modiﬁed precipitation formation processes to support the statistical results,
better characterization of the particles produced by the ﬂares, and the necessity to extend
the single-cloud, radar-evaluated results to area rainfall at the surface with associated
hydrological impacts.
7.2

CCN CHARACTERISTICS: MODELING STUDIES OF CONDENSATION
& COALESCENCE AS RELATED TO FLARE SEEDING

It is important to note that the principle of enhancing the coalescence process via
hygroscopic seeding is dependent on three important parameters. The chemistry
(hygroscopicity), size and concentrations of the particles (CCN) produced from the ﬂares
or large particle salt seeding. In addition, the effectiveness of seeding will depend on the
natural background particles and their characteristics with regard to the same parameters.
The principle of ﬂare seeding is to have the ﬂares produce effective CCN (usually salts
such as sodium chloride, potassium chloride, or calcium chloride) particles in larger sizes
(large or giant nuclei) than occur in the natural environment.
These models also do not simulate the complex dynamics in convective clouds. The
modeling studies of both Reisin et al. (1996) and Cooper et al. (1997) indicate that
the role of the background CCN (size and concentrations) is crucial for determining
the effectiveness of the seeded particles because the seeded nuclei compete with the
background aerosols for the available water vapor.
Cooper et al. 1997 also showed that the use of giant nuclei, larger than 10-μm diameter,
lead to an earlier development of raindrops. Yin et al. (2000a; 2000b) found similar results
in their modeling studies using a two-dimensional, slab symmetric cloud model. Yin et
al. (2000a) conﬁrmed the hypothesis of Mather et al. (1997) that using ﬂares for seeding
hygroscopic particles below cloud base could lead to the broadening of the cloud droplet
spectra and an earlier formation of raindrops. Their studies indicated that most effective
seed particles were those with radii larger than 1 µm, and especially those larger than
10 µm; the particles less than 1 µm always had a negative effect on rain development.
However, although their studies indicated that seeding with particles larger than 10 µm
in radius were the most beneﬁcial for rain enhancement and promoted the formation
of drizzle-droplets and raindrops, the drizzle drops were rapidly depleted once the few
large privileged drops grow to raindrop size. These drops grow by collecting smaller
drops, primarily those in the drizzle size range. Cooper et al. (1997) found that the rapid
depletion of the drizzle size drops limited the production of many other raindrops. As a
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result, although the rain develops early, the rain does not last very long and its contribution
to the total rain on the ground may be limited. It should be emphasized that the Cooper et
al. model does not compute the effect of the drop breakup, a process that could possibly
enhance the concentration of the drizzle size drops.
In contrast, introduction of much higher concentrations of 1 µm particles can lead to
competition with the natural CCN, in which activation of the seeded particles prevents
activation of the natural CCN and in appropriate cases leads to reduction in the total
concentration and broadening of the droplet size distribution. The result is the initiation
of an active coalescence process, in some cases leading to high concentrations of drizzle
along with the production of rain. Yin et al. (2000a) also found that when they repeated
the seeding experiments in their model using the same mass for both the segment of
particles in the range 1-10 µm and the segment larger than 10 µm that the concentration
of drizzle drops were substantially larger with the seed particles between 1 and 10 µm
(Yin et al. 2000a; Figure 8.).
Caro et al. (2002) using a detailed microphysical parcel model (Flossman et al. 1985;
1987) conﬁrmed most of the results from the previous modeling studies. Their studies
indicated that the most rapid formation of precipitation occurred in the model for very
large particle radii (> 15µm). However, they also indicated that smaller seeding particles
have the advantage of increasing the concentration of drizzle size drops, increasing the
chance of the seeding material to stay in the cloud and to disperse the seeding effect to
larger parts of the cloud and neighboring clouds. Although seeding with larger particles
increased the production of precipitation in the model it also risked premature precipitation.
For seeding to have an optimum effect producing sufﬁcient concentrations of drizzle size
drops they suggested a mean seed particle mean radii between 0.5 and 6 µm.
Both Yin et al. (2000a) and Caro et al. (2002) alluded to effects on the ice processes
that could possibly further enhance precipitation formation. Although the models used in
these studies were different, one of the main conclusions that emerged is that the seeded
particles have to be larger than 0.5 μm and preferably between 1 and 10 µm in diameter
to produce substantial concentrations of drizzle size drops in a cloud. In a warm cloud,
the role of the drizzle could be important in maintaining the growth of many other drops
to raindrop sizes and to spread the seeding effects to large parts of the cloud and adjacent
clouds.
7.3

FLARE PARTICLE CHARACTERIZATION & NEW FLARE
DEVELOPMENT

Several different manufacturers have started to make hygroscopic ﬂares, following
the initial promising results from South Africa. It is important to evaluate the output
particle spectra from these ﬂares in order to understand the effect they will have on the
condensation/coalescence process and precipitation development in convective clouds.
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Airborne measurements in Texas, designed to evaluate the output particle spectra from
the different hygroscopic ﬂares, found that the different ﬂares produced different size
spectra that could have signiﬁcant impacts on the evolution of the warm rain process.
According to previous modeling studies, the differences in the particle size spectra could
have signiﬁcantly different effects on the condensation coalescence process. It is also
important to consider the natural background aerosol spectra in the evolution of these
differences.
The majority of the hygroscopic cloud seeding ﬂares currently in use are based on the
formula of Hindman (1978) that was developed to initiate fog for cover of military vessels.
These ﬂares incorporate sodium and lithium salts along with potassium perchlorate,
magnesium powder and an organic binder as the fuel. When burned, the ﬂares produce a
plume of sodium, lithium and potassium salt particles along with magnesium oxide. All
of these species are incorporated into each of the ﬂare particles that are produced.
Modeling studies on hygroscopic seeding show that the size of the particles introduced
by the seeding ﬂare inﬂuences the effectiveness of seeding on rainfall enhancement.
Under the conditions modeled, the most effective seeding occurred when the introduced
CCN had a size of approximately 1 µm. Little information is available on the particle
sizes generated by the ﬂares currently in use. A size distribution measurement of the dry
particles indicates that a majority of the particles are in the 0.2-0.4 µm size range (Cooper
et al., 1997). These measurements were made using ﬂares manufactured with the original
Hindman formula. Other airborne studies and ground-based wind tunnel studies conﬁrm
that a majority of the particles produced from the magnesium/potassium perchlorate
ﬂares are less than 0.5 µm. However, the large particle tail that is produced by the ﬂares is
largely unknown at this stage. The modeling studies also suggest that the use of calcium
salts in the seeding material could enhance seeding effectiveness.
It is difﬁcult to obtain measurements of the particle sizes produced by the ﬂares in a ﬁeld
environment. This generally requires two aircraft, one to generate the seeding material,
and the second to make the measurements. A further difﬁculty is the ability to reproduce
these measurements, since the environment changes. To study hygroscopic cloud-seeding
ﬂares, a test facility has been designed and constructed that simulates the burning of ﬂares
from an aircraft.
The test facility has been designed to provide a reproducible environment for combustion
of ﬂares and measurement of the resultant particles. The facility is also designed to
simulate the burning of ﬂares on the wing of an aircraft. Figure 7.1 details a schematic
diagram of the test facility that was constructed.
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Figure 7.1. Schematic diagram of the test facility

A 156,000 lpm (liters per minute) blower is used to provide an airﬂow of 40-45 m s-1
through the combustion section, which is a 25.4 cm diameter and 1.5 meters long section
of pipe. The ﬂare is mounted near the head of the combustion section with the ﬂare aligned
axially with the airﬂow. The burning end of the ﬂare is on the downstream side. This
provides an environment similar to burning a ﬂare on a rack mounted on an aircraft wing.
The large airﬂow is sufﬁcient to disperse and cool the particles as they are produced.
Figure 7.2 shows a photograph of the combustion section with a ﬂare mounted. The
airﬂow would be from left to right, and the right hand end of the ﬂare would be ignited.
In operation, the door to the combustion section is closed, and the ﬂare is ignited using
an electrical igniter.

Figure 7.2. Photograph of the ﬂare test facility combustion section.
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One of the main considerations when designing the ﬂare testing facility was to maintain
a continuous sampling of the ﬂare material, without enhancing the collection of either
small or large particles. The method of isokinetic sampling is very important for the
best representation of the size distribution of the particles produced by the ﬂare. Figure
7.3 shows the different scenarios (subisokinetic, isokinetic and supersiokinetic) for
the gravitational losses of particles using different sizes of inlets. The enhancement
of preferential sampling of larger or smaller particles is evident as the tube diameter
becomes smaller. For tube diameters smaller than 5 cm in diameter the sampling of
particles isokinetically is of critical importance to be able to truly measure the particle size
distribution. In a subisokinetical sampling (Figure 7.3a) the gravitational losses of larger
particles are enhanced, sampling smaller particles preferentially. During a supersiokinetic
sampling (Figure 7.3b) the gravitational losses of smaller particles are enhanced producing
larger concentrations of larger particles and bringing the overall concentration down due
to the preferential sampling. For the testing facility, a sampling tube of 1 cm in diameter
and 1m in length for both inlets in the dilution stages was used, which in an isokinetic
sampling procedure gives a gravitational loss of less than 80% for particles smaller than
10µm. The same scenario in a subisokinetic sampling sees a sharper decrease of larger
particles favoring the sampling of smaller ones and undercounting the larger ones. In
a supersiokinetic sampling as illustrated in Figure 7.3b, the sampling is enhanced by
the aspiration mechanism developed by a larger wind speed inside of the sampling inlet
(U>Uo) giving a non representative size distribution of the particles.
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a)

b)

c)

Figure 7.3 Gravitational losses in a
1 meter long inlet for a sample ﬂow
Uo and at a wind speed U = 40m/s and
different particle size. a) U>Uo , b)U<Uo
, c) U=Uo

An additional consideration to avoid the loss of particles, speciﬁcally larger particles,
was to study the losses as a function of the sampling angles or the dilution stages tube
characteristics. Figure 7.4 shows the fraction of particles passing through a section of
circular tubing with 1 cm in diameter and airspeed of 12 m/s in the turbulent Re regime.
Theoretically, the fraction of particles passing trough the tube at the above mention
characteristics is 1 for linear sampling (0o angle). This is archieved by avoiding angles
in the inlets that transport the sample to the dilution stages. From Figure 7.4 is clear that
when an “L” shaped (90o angle inlet) or a “U” shaped (180o angle inlet) is used, the loss of
particles becomes signiﬁcant, yielding a ~20% loss of particles larger than 2µm in a “U”
shaped inlet and a ~40% loss for particles larger than 5µm for the “L” shaped inlet. Since
tan important objective of the ﬂare testing is to measure the larger particles produced
by the ﬂare, the ﬂare facility was designed to avoid any bending angles on the different
sampling points that will potentially add a signiﬁcant loss of the total concentration of
larger particles.
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Figure 7.4. Fraction of particles passing trough a section of circular tubing. Air Velocity is 12 m/s,
1cm tube diameter.

Taking into account the above calculations of particle loss due to the different dynamical
mechanism, the ﬂare testing facility was designed and calibrated to provide the means
for sampling the size distribution from a burning ﬂare and to be able to trace back to
gravitational and diffusional losses if required by the ﬁnal analysis. The ﬁnal objective
is to be able to calculate the actual size distribution spectra from the burning ﬂare to
understand and study the mechanisms that modify or change the size distribution. Figure
7.5 shows the characteristics of the ﬁnal ﬂare facility design including the proposed and
measured wind speeds that are necessary to minimize the losses and to favor an isokinetic
sampling.
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Figure 7.5. Dynamic characteristics and an actual photo of the ﬂare facility design.

The characteristics of the ﬂare testing facility are shown on Figure 7.5, a 156,000 lpm
(liters per minute) blower is used to provide an airﬂow of 40 m s-1 through the combustion
section (stage 1), which is made of circular tubing of 25.4 cm in diameter and 1.5 meters
long. The ﬂare is mounted near the head of the combustion section with the ﬂare aligned
axially with the airﬂow. The burning end of the ﬂare is on the downstream side. The
airﬂow in the combustion section (Figure7.2) is sufﬁcient to disperse and cool the
particles as they are produced. These cooled particles in the stage 2 (Figure 7.5) are
then collected with a circular copper tubing with 1 cm in diameter and 1 meter long, and
transported to the ﬁrst dilution stage (stage 4). This ﬁrst dilution is then feed with clean
air at a rate of 12 m/s to match the incoming wind speed (U=Uo) to be able to sample the
particles isokinetically. To dilute the particles even further, a second stage dilution was
implemented on the testing scheme. The same characteristics from the ﬁrst dilution were
implemented in this second one including the wind speed of 12 m/s to maintain a steady
ﬂow of particles into the measuring instruments.
This diluted smoke is then supplied to the measurement instrumentation. Three types
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of instruments were used in these studies; 1) a CN counter which measures particles
from approximately 0.01-1.0 µm diameter and 2) a PCASP which optically sizes and
counts particles from 0.1 to 3.0 µm diameter, and 3) a SPP which measures particles from
approximately 3-8 µm diameter. All of the data from these particle counters are recorded
on a laptop computer. Auxiliary measurement of ambient temperature and relative
humidity are also made at the measurement site. Experiments with these ﬂares are made
only when the relative humidity is 40% or less. At this relative humidity, the particles
may pick up water of hydration, but they will not grow in size. The ambient temperature
should not have an effect on the particle generation, as the combustion temperature is
>1500°C. During the different studies, ambient temperature varied 10 to 30° C, only a
small fraction of the temperature that is present when the particles are generated.
As part of the testing of the various ﬂares, it became obvious that some information
on the combustion temperature of the ﬂare was needed. Measuring this directly is very
difﬁcult unless a very expensive optical pyrometer is used. To obtain relative information
on the combustion temperature of the ﬂare, two platinum resistance temperature probes
have been mounted in the combustion section. The ﬁrst probe measures the temperature
immediately ahead of the ﬂare, and a second measures the temperature near the end of the
combustion section. From this temperature differential, we are able to obtain a relative
measure of the amount of heat generated in the combustion of the ﬂare. The measurements
indicated that the ﬂame temperatures of the burning ﬂares are in excess of 1500oC.
Based on numerous tests with different formulations of ﬂares, a new ﬂare was developed
that produced larger particles than the original South African ﬂare used both in South
Africa and Mexico. Modeling studies have shown that larger particles would be more
effective in hygroscopic seeding. Figure 7.6 shows and initial test of the particle size and
volume spectra of the new ﬂare that was used in the UAE program to enhance rainfall.
A recent test of the current ﬂare used in the UAE is shown in Figure 7.7. Figure 7.7a
shows the time history of the size concentrations of the combusted ﬂare particles as a
function of time while Figure 7.7b displays the associated particle size spectra measured
by the PCASP and SPP partcle probes.
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.

Figure 7.6. Particle data from a ﬂare manufactured by ICE containing 65% potassium perchlorate.
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a)

b)

Figure 7.7. Hygroscopic ﬂare tests on June 23, 2004.

The concentrations in size range 0.8 to 6µm in diameter are substantially increased
as compared to previous ﬂares including the original South African ﬂare based on the
Hindman (1978) formula. Based on the original size spectra of the South African ﬂare
(Cooper et al., 1997) and the current measured size spectra for the ﬂare used in the UAE
we replicated the Cooper et al. (1997) model simulations to investigate if the current ﬂare
enhances drizzle production compared to the original South African ﬂare. The results of
these simulations are displayed in Figure 7.8 and 7.9.
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Figure 7.8. a) Mass distribution functions as in Copper et al. for 20, 600, 1200 and 1800 seconds
after passage through cloud base for the unseeded case. b) Mass distribution functions as in the
unseeded case but for Cooper et al Flare (solid line) and the ICE 70% (dotted line)

It is clear from Figures 7.8 and 7.9 that the new ICE ﬂare produces substantially more
drizzle drops at shorter times that the South African ﬂare. After 1 minute the new ICE
ﬂare already initiates drizze and drizzle concentrations reaches a maximum when the
South African ﬂare starts producing the ﬁrst drizzle size drops. In addition the drizzle also
results in a more coalescence process forming rain and the transformaation to rainwater
is also much faster than for the original South African ﬂare. Initially the new ICE ﬂare
produces two orders of magnitude more drizzle water content than the South African
ﬂare.

Figure 7.9. Changes in
the distribution of the
condensate between cloud
droplets (<40mm), drizzle
droplets (40 – 500mm) and
rain drops (>500mm) after
droplet activation for the
background case (thin solid
line), Flare from Cooper et
Al. (medium solid line) and
the ICE 70% (thick solid
line).
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7.4

SEEDING TRIALS (2001-2002)

As mentioned in Section 4, seeding experiments took place on a total of ﬁfty days during
the four ﬁeld campaigns. There were twenty-four days with seeding during the winter,
but amenable clouds developed on only six of the seeding days over the two seasons
(Table 7.1). The summer clouds appear to be more amenable to seeding with at least
25 ﬂight days when good candidate clouds were found (Table 7.1). During the Summer
2002 season, ﬂights into Omani airspace became possible and allowed for a broader
investigation of the clouds over the Oman Mountains, which explains the increase in
amenable seeding cases between the two summer seasons. Figure 7.10 shows an example
of a burning hygroscopic ﬂare in ﬂight below cloud base during a seeding experiment.
Table 7.1 Summary of seeding trials during 2001 and 2002.

Winter 2001 Summer 2001 Winter 2002 Summer 2002
Days with seeding

9

8

15

18

Seeding cases

22

11

22

24

Cases amenable to
hygroscopic seeding

6 cases on
3 days

8 cases on
7 days

8 cases on
3 days

22-24 (nearly
all cases)

Figure 7.10. A photograph of burning hygroscopic ﬂares below cloud
base
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7.4.1

Winter

During the winter season, frontal systems moving in from the west and northwest
periodically traverse the UAE region, producing the bulk of the annual rainfall over
much of the country. Typically, during the winter months, about ﬁve to ten systems move
through the region. However, no major strong synoptic events occurred during the period
of investigation (2001, 2002). Several weak to moderate systems were sampled, but only
about four of these systems per year produced clouds that seemed suitable for seeding.
Table 7.2 summarizes the type of clouds seeded during the winter seasons. Fourteen
of the thirty seeding cases had cloud bases below 3000 m (10,000 ft), which is optimal
during the winter for seeding. About one third of the clouds had bases that were above the
freezing level, with droplet concentrations around 200-300 cm-3. As mentioned earlier,
if cloud droplet concentrations are lower than about 300 cm-3, clouds are generally not
amenable to seeding, while previous studies indicate that at higher droplet concentrations,
they are. Liquid water contents (LWC) in the cloud were low, with the majority of values
less than 0.6 g m-3. In most cases, there was already light rain, drizzle, or graupel present
at cloud base, indicating that the precipitation process was already active in the clouds.
Table 7.2. Summary of number of ﬂares burned, cloud type, and cloud properties observed
during seeding experiments conducted during both Winter 2001 and 2002. Droplet concentrations
and LWC values represent the maximum at cloud base.

WINTER: January - March 2001
Flight #
# Flares
8 Jan
2
Date

Type of Cloud
Stratocumulus

Cloud Base Penetration
Drop
Altitude Temp
LWC
Conc.
310
3300
-1.0
0.1

9-Jan

1

12

Stratocumulus/cumulus

1850

7.4

480

0.6

9-Jan

2

6

Stratocumulus/cumulus

1970

7.5

500

0.4

8

Stratocumulus

870

11.8

730

0.7

10-Feb

1

8

Altocumulus

4460

-6.4

230

0.2

10-Feb

2

12

Altocumulus

4760

-4.9

310

0.4

22-Feb

2

Altocumuluss

3550

2.9

190

0.2

15-Mar

20

Weak altocumulus

3870

0/3

300

0.1

17-Mar

16

Weak altocumulus

4500

-0.8

200

0.1

10-Jan

18-Mar

1

24

Altostratus

3550

1.0

180

0.0

18-Mar

2

24

Altostratus

3500

1.3

190

0.0

10

Weak altocumulus

4010

-1.8

210

0.3

12

Weak altocumulus

3760

2.0

450

0.2

1.1

250

0.2

23-Mar
25-Mar
25-Mar

1
2

12

Weak altocumulus

3430
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WINTER: January - April 2002
Cloud Base Penetration
Drop
Altitude Temp
LWC
Conc.
380
2470
6.1
0.1

Flight #
Date
# Flares
30 Jan
2

Boundary Layer Cu

31 Jan

2

Boundary Layer Cu

1270

7.5

960

0.7

2

Boundary Layer Cu

4610

9.3

1010

0.8

4

Boundary Layer Cu

1370

9.9

1070

0.6

Boundary Layer Cu

1140

10.3

880

1.0

3 Feb

2

16 Feb
19 Feb

1

22

19 Feb

2

Type of Cloud

22

Cumulonimbus

1710

0.2

290

0.3

20 Feb

2

Boundary Layer Cu

3890

14.7

690

0.5

3 Mar

14

Altostratus/cumulus

890

-3.5

N/a

1.0

9 Mar

1

23

Altostratus

4010

-2.1

N/a

0.3

9 Mar

2

10

Altostratus/cumulus

3700

1.1

N/a

0.6

18 Mar

2

24

Cumulonimbus

1730

13.8

620

0.2

18 Mar

3

23

Cumulonimbus

2210

10.3

N/a

0.4

19 Mar

2

23

Cumulonimbus

1160

18.3

680

0.9

14

Altostratus/cumulus

3760

1.8

N/a

1.0

4

Boundary Layer Cu

2330

10.9

1120

0.9

11.7

450

0.3

24 Mar
12 Mar
12 Mar
7.4.1a

1
2

12

Cumulonimbus

2130

Case Study: 9-10 January 2001

As an example of the cloud seeding operations, the 9 January case is described in more
detail here. A larger frontal system passed through the UAE region over a two-day period
(January 8-10). A satellite photograph of the cloud system on January 9 during the seeding
experiment is shown in Figure 7.11. At the time of the photograph, convective clouds are
evident over the Gulf, the northern parts of the UAE and over the mountains of eastern
UAE and into Oman. The main part of the system is located over Iran. The UAE is usually
on the southern fringes of these systems as shown in this case.
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Figure 7.11. Satellite photograph of frontal systems passing through the UAE region on 9 January
2001.

The associated radar echoes that indicate where precipitation was occurring are shown in
Figure 7.12 for two different time periods during 9 January 2001. Rain showers over the
Gulf and over the northern parts of the UAE are also clearly visible in the radar images.
Although the radar was not well calibrated, rainfall was measured at the surface at several
locations in the northern Emirates including Dubai. A seeding experiment, with associated
cloud measurements, was conducted in the clouds just to the northeast of Dubai shown in
Figure 7.12. The aircraft track for this seeding experiment and a photograph of the seeded
clouds are shown in Figure 7.13. The seeded cloud produced rainfall at the surface for a
period of about an hour as it moved northeast over the northern Emirates.

365

Figure 7.12. Radar images of rain showers over the Gulf and the northern parts of the UAE on 9
January 2001.

Figure 7.13. Aircraft ﬂight track of the seeding operation and photograph of seeded clouds on 9
January 2001

However, it is impossible to assess any effects of seeding on rainfall because of problems
with the radars during the 2001 winter program. Due to technical problems that could
only be solved after the winter program, it was found that the radar was underestimating
reﬂectivity and therefore rainfall from the storms. Furthermore, for the 9 January case,
gaps in the radar coverage and the long distance to the storms from Al Dhafra would not
have allowed adequate resolution for any quantitative analysis.
7.4.1b

Case Study: 22 March 2002

Altostratus cloud decks were observed on many occasions during the 2002 winter
season. Generally, these clouds were associated with the passage of the southern-most
end of a weak frontal system, or trough, moving across the Gulf. On occasion, these
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cloud formations produced precipitation that fell below cloud base but rarely reached the
ground. When it did, the precipitation was usually in the form of drizzle or light rain.
During late March 2002, there were a series of four troughs that moved through the
area over seven days. Each one brought with it a broken altostratus deck. The ﬁrst two
occurred on 22 March and 24 March 2002. Both had cloud bases near freezing (Table
6.5 in Section 6.5) and exhibited regions of patchy precipitation falling from the nearly
stratiform bases. The majority of the precipitation shafts evaporated prior to reaching the
ground. Identifying convective elements from below cloud base was not possible due to
the lack of any updrafts or distinct separation of bases. In fact, both looked to be just a
thin broken stratiform deck of clouds until higher level measurements were taken. Figure
7.14 shows the ﬂight track on 22 March and a picture of a convective element taken once
the aircraft found the edge of the stratus. The picture was taken just northeast of Fujairah.
A vertical proﬁle was performed in a cloud, similar to the one pictured, between 12:45
and 13:04 UTC.

Figure 7.14. Aircraft ﬂight track of the seeding operation and photograph of seeded clouds on 22
March 2002.

Radar indicated there were bands of precipitation-sized particles embedded within the
stratus deck moving northwest to southeast. Figure 7.15, shows images at 12:30 UTC
(just prior to the study) and 13:00 UTC (during the study). The study was performed on
the element located between Dhaid and Masaﬁ. (It should be noted that the Dubai radar
was malfunctioning on this day such that some weak echoes were being ﬁltered out.)
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Figure 7.15. Radar images of rain showers over the Gulf and the northern parts of the UAE at 1230
UTC (left) and 1300 UTC (right) on 22 March 2002.

Figure 7.16 provides a time series (from 12:40 to 13:10 UTC) of the vertical proﬁle
performed on one of the convective elements found near Hatta. The top panel of Figure
7.16a shows there were cloud droplet concentrations of 600 to 900 cm-3 (red line – left
axis) with very little liquid water content (blue line – right axis) while the aircraft
traversed the clouds at 4550 m (Figure 7.16a, bottom panel) until approximate 12:49
UTC. A marked increase in droplet concentrations, liquid water content measurements,
and precipitation size particles (2DC shadow-or concentrations in Figure 7.16a, middle
panel) suggests that the aircraft entered an embedded convective element at this time.
Light turbulence was noted at 12:50 UTC by the ﬂight scientist. Partway through this
penetration, at 12:52 UTC, the aircraft began an ascent to 5200 m and ﬂew out of the side
of the cloud (indicated by the sharp drop in both droplet concentration and liquid water
content). Figure 7.16b shows the ﬂight track from 12:40 to 13:10 UTC, which shows
that the aircraft turned around and leveled off at 4800 m for a second penetration of the
cloud.
The penetration at 5200 m lasted from approximately 12:57 UTC to 12:59 UTC. Figure
7.17 shows the blow-up of the time series during this time. A moderately strong liquid water
core, indicated by the peak droplet concentrations of 800 cm-3 and liquid water content
of 1.0 gm-3 at 12:57:35 UTC, was present at the beginning of the penetration followed
by a precipitation maximum between 12:57:40 UTC and 12:58:20 UTC (indicated by
the sustained peak in 2DC shadow-or). The end of the penetration exhibits reduced
concentrations of both droplets (400 cm-3 and 0.5 gm-3) and precipitation (approximately
10 L-1). However, the cloud water and precipitation values are still higher than those
measured at cloud base. It is interesting to note the peak in cloud water is located just
ahead of the peak in precipitation mass. The temperature of the penetration suggests that
most of the precipitation may be frozen, but the presence of cloud water suggests some of
it may be supercooled drizzle drops (an ideal scenario for aircraft icing). Inspection of 2D
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images sheds some light on the type of precipitation particles present in this region.

Figure 7.16 Time series of cloud droplet and precipitation properties in a convective element,
embedded in altostratus on 22 Mar 2002 (near Masaﬁ).

Figure 7.17. Time series of cloud droplet concentration (SPP), liquid water content (KPLWC) and
precipitation properties (2DCshad) at 4800 m (-4.5°C) on 22 Mar 2002.

369

The temperature at 4800 m was between –4.0 and –5.0 C, which is in the temperature range
where the Hallet-Mossop ice multiplication mechanism is active (Hallet and Mossop,
1974). A closer investigation of the 2DC images indicates the penetration entered a region
of ice multiplication. Figure 7.18 shows four snapshots of 2DC images taken at 12:57:38,
12:57:59, 12:58:14, and 12:58:21 UTC. The precipitation on the edges of the shadow-or
maximum (12:57:38 and 12:58 21) is a mix of graupel particles (100µm to greater than
800 µm) and a few particles that look like thin short columns. The particles in the middle
of the shadow-or maximum appear to be 100 µm frozen drops, 100-300 µm graupel
particles, and a mixture of what looks like thin short columns and needles. These are
most likely splinters, artifacts of the riming process, and suggest that the Hallet-Mossop
mechanism was active in this region.

Figure 7.18. 2DC images taken at 12:57:38 (upper left), 12:57:59 (upper right), 12:58:14 (lower
left), and12:58:21 UTC (lower right). Distance between bars is 800 µm.

After completing the pass at 4800 m, the aircraft ascended to 5200 m for a pass through the
cloud near cloud top. Figure 7.16 shows that droplet concentrations were approximately
400 to 500 cm-3 with liquid water contents of 0.4 to 0.5 g m-3. There was a reduced
concentration of precipitation particles at this altitude in this cell (ending approximately
13:04 UTC). The aircraft continued on at this altitude until reaching Sharjah, at which
time it began descending through the cloud deck. Moderate cloud droplet concentrations
with pockets of moderate liquid water content and precipitation-sized particles continued
enroute to Sharjah. The aircraft encountered clear icing on its wings during this traverse.
Cloud bases varied from 4500 m to 5200 m near Sharjah and precipitation was measured
by the 2DC through approximately 3000 m.
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No noticeable updrafts were reported by the pilot while ﬂying below the bases prior to
ascending into cloud at 12:30 UTC. Even though there was a convective nature to the
clouds, they were determined to be less than 1 km thick, even at their deepest extent.
Figure 7.18 shows there were no strong echoes indicated by radar during the ﬂight. For
this reason, the clouds on 22 March 2002 were deemed not amenable to seeding and were
left to develop naturally. While there was abundant virga (evaporating rainshafts) present,
no precipitation seemed to reach the surface from these clouds. Figure 7.19 indicates a
similar case developed on 24 March 2002. Fourteen ﬂares were burned in two seeding
experiments for comparison purposes. The outcome was a raised cloud base with no
recognizable precipitation enhancement.

Figure 7.19. Radar images of rain showers over the Gulf and the northern parts of the UAE at 9:50
UTC (left) and 11:10 UTC (right) on 24 March 2002.

7.4.2

Summer

During the summer season, orographic forcing by the mountains in the eastern part of the
UAE region produced the bulk of the rainfall over much of the country. The convection
occurred over the mountain range stretching from north of Ras Al Khaimah in a southwest
direction, east of Al Ain and into Oman on 80% of the days. However, most of this
convection occurred in Omani airspace and therefore the research aircraft was unable to
investigate or seed these clouds in 2001.
Table 7.3 summarizes the type of clouds seeded during the summer seasons. Eight of
the nine seeding cases in 2001 occurred during July, while the seeding cases were more
evenly distributed in 2002. Six cases (one during 2001 and ﬁve during 2002) had seeding
at bases below 3000 m (10,000 ft). Many of the clouds had bases below the freezing level,
with droplet concentrations between 300 and 600 cm-3. These clouds can be deﬁned as
modestly continental in nature, which suggests that they should be amenable to seeding.
Liquid water contents were moderate with values between 0.2 and 0.6 g m-3. In most
cases, there was drizzle or rain present at cloud base, indicating the precipitation process
was already active in the clouds.
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7.4.2a

Case Study: 31 July 2001

As an example of the cloud seeding operations during the summer, the 31 July case
is described in more detail here. Heavy convective activity occurred over the UAE
throughout the day, bringing heavy winds and rain to both Abu Dhabi and Dubai. A
satellite photograph of the cloud system on January 31 during the seeding experiment is
shown in Figure 7.20. At the time of the photograph, convective clouds are evident over
the Gulf, the northern parts of the UAE and over the mountains of eastern UAE and into
Oman.
Table 7.3. Summary of number of ﬂares burned, cloud type, and cloud properties observed
during seeding experiments conducted during Summer 2001 and 2002. Droplet concentrations
and LWC values represent the maximum at cloud base.

SUMMER: June – September 2001
Cloud Base Penetration
Date
14 Jul
19 Jul

Flight
#
#
Flares
2

Type of Cloud

Altitude Temp Drop Conc. LWC

4

Altostratus/cumulus

4230

5.7

100

0

10

Cumulonimbus

2700

17.6

450

0.4
0.2

20 Jul

10

Weak altocumulus

4070

5.8

330

24 Jul

10

Altocumulus

5750

-4.0

250

0.2

26 Jul

10

Towering cumulus

3140

13.4

480

0.3

27 Jul

10

Shallow Altostratus/
cumulus

3270

11.9

400

0.4

28 Jul

10

Towering cumulus

3250

14.5

370

0.4

31 Jul

6

Cumulonimbus - line
echoes

4260

4.2

500

1.0

13 Aug

4

Towering cumulus

3250

9.9

550

0.6

SUMMER: June – September 2001
Cloud Base Penetration
Date
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Flight
#
#
Flares

Type of Cloud

Altitude Temp Drop Conc. LWC

27 Jun

6

Towering cumulus

4370

3.4

890

0.8

28 Jun

10

Altocumulus

4000

5.2

N/a

0.6

29 Jun

7

Towering cumulus

4520

1.2

590

0.3
0.1

12 Jul

12

Altocumulus

3750

9.2

870

13 Jul

10

Towering cumulus

4080

8.2

700

0.7

24 Jul

6

Cumulonimbus

2310

20.2

990

0.8

30 Jul

4

Altocumulus

4250

4.3

960

0.5

7 Aug

18

Towering cumulus

4420

3.0

1100

0.6

8 Aug

6

Cumulonimbus

3490

9.9

870

0.3

9 Aug

2

Towering cumulus

2890

17.5

820

0.6

15 Aug

20

Cumulonimbus

4260

5.1

920

0.2

16 Aug

4

Towering cumulus

2920

16.9

1020

0.4

19 Aug

14

Towering cumulus

4090

4.1

1120

0.3

26 Aug

16

Cumulonimbus

2920

14.5

720

0.3

2 Sep

14

Towering cumulus

3270

11.9

710

0.2

4 Sep

23

Cumulonimbus

2520

18.3

800

0.3

8 Sep

10

Towering cumulus

2540

17.4

570

0.2

12 Sep

10

Cumulonimbus

4590

2.0

520

0.7

The associated radar echoes indicate that the convection developed along a line from
Dubai to north of Al Ain, followed by scattered convective development over several
sections of the desert. These storms brought rain and damaging winds to both Abu Dhabi
and Dubai. A seeding experiment, including cloud measurements, was conducted in the
clouds just to the southeast of Dubai shown in Figure 7.21. The aircraft track for this
seeding experiment and a photograph of the seeded clouds are shown in Figure 7.22.

Figure 7.20. Satellite photograph of convective system affecting the UAE region at 10 UTC on 31
July 2001.
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Figure 7.21. Radar image at time of satellite image 10 UTC (left) and at time of seeding 12 UTC
(right) on 31 July 2001.

Figure 7.22. Aircraft ﬂight track of the seeding operation (left) and photograph at 6.1 km of cloud
top (right) just prior to seeding on 31 July 2001.

7.4.2b

Case Study: 29 June 2002

As discussed in Section 6, much of the convective activity during the summer happened
over the Oman Mountains and just to the west. Thermals rising from the heated orography
cause very short-lived towering cumulus to form. The entire lifetimes of the clouds were
on the order of 20 minutes. The force of the thermals pushes these clouds to above
the freezing level, allowing the cloud to capitalize on both the coalescence and ice
phase of the precipitation process. These clouds form precipitation shafts that generally
evaporate before reaching the ground. This process serves to moisten the boundary layer
and weaken the capping inversion that generally exists near 5500 m during the summer.
Eventually, some of the thermally driven clouds are vigorous enough to last for longer
than 20 minutes. A cloud physics ﬂight on 29 June investigated one such cloud.
374

Figure 7.23 shows the ﬂight path (top left) and radar (bottom left and right) images near
seeding time on 29 June 2002. At 10:30, there was a cluster of cells that had formed on
and just east of the ridge of the Oman Mountains. The most vigorous cell was located
just southeast of Hatta and the UAE border. Radar indicates that one hour later, the
easterly ﬂow had moved the convective activity just west of the ridge, toward Al Haiyir.
The location of these clouds is similar to many that formed during both 2001 and 2002.
However, had this particular case developed during 2001, it would have been difﬁcult for
the aircraft to reach these clouds due to airspace restrictions. The case study presented
here took place between 10:30 and 11:30 UTC on the cell north and east of Al Haiyir.
Flight notes indicate rain was reaching the ground at 11:13 UTC.

Figure 7.23. Aircraft ﬂight track of the seeding operation (top left) and photograph of cloud (top
right) just prior to seeding on 29 June 2002. Radar images from 10:03 and 11:03 UTC (bottom left
and right respectively)

A suitable cloud with droplet concentrations of 600 cm-3 and 0.3 gm-3 was found for
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seeding at approximately 10:25 UTC. During seeding, the storm appeared to pulse through
stronger and weaker convective periods. After seeding ended at 10:40 UTC, penetrations
were made at several altitudes, including through the rainshaft below cloud base. Figure
7.24 is a composite of all the measurements made through this cloud. The yellow markers
and pink markers indicate 2DP and 2DC shadow-or (respectively) at that altitude, while
the green line connects the liquid water content measurements and the blue line connects
the droplet concentration measurements.

Figure 7.24. Vertical proﬁle through the cloud on 29 June 2002. Cloud base is 4100 meters at
5.4°C. Freezing level is at 4700 m.

It is clear from examination of Figure 7.24 that cloud base was near 4100 m (5.4°C) with
precipitation falling below the cloud. Peak droplet concentrations of approximately 670
cm-3 were just above cloud base at 4300 meters, while the maximum in liquid water content
(approximately 0.9 g m-3) was found above the freezing level (4700 m). The maximum
concentration of smaller precipitation particles (2DC) was found near the freezing level
while the larger precipitation particles (2DP) seemed to peak just below the freezing
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level. The presence of supercooled liquid water, including freezing drizzle is indicated
by the maximum in liquid water content and 2DC shadow-or above the freezing level.
This phenomenon was conﬁrmed by the moderate coating of aircraft icing apparent after
penetrations performed between 5000 and 5500 meters. A ﬁnal penetration was made
at 6100 meters before having to decend to clear the icing. Cloud top was estimated to
be approximately 7000 m. A secondary peak in 2DC shadow-or appears to occur below
cloud base, presumable as the raindrop spectra narrows through evaporation. There was
evidence that rain from this cell reached the surface.
7.5

RANDOMIZED SEEDING EXPERIMENT (2003-2004)

A signiﬁcant part of the 2001-2002 study involved ﬁeldwork – the intensive collection of
observations (airborne and surface) during four ﬁeld project periods (winter and summer
of 2001 and 2002). Microphysical observations of cloud droplets and aerosols showed
continental conditions in both the UAE and Oman during the summer. More varying
conditions existed during the winter, mostly due to weaker cloud conditions (higher clouds
and lower updraft speeds). During the 2001 and 2002 winter seasons, radar summaries
showed that no hydrologically signiﬁcant rainfall events occurred over the UAE. For the
2001 and 2002 summer seasons, radar studies showed that the vast majority of convective
storms occurred over the Oman Mountains, southeast of Al Ain and northward, though
they were relatively short-lived. The short lifetimes of the thunderstorms act to minimize
the window of opportunity for cloud seeding to enhance rainfall, emphasizing the need
for accurate prediction of these situations in planning seeding operations.
Based on the numerous cloud investigations in the UAE, seeding trials, and radar data
analyses, we conclude that winter clouds rarely produce conditions that are sufﬁciently
convective with warm cloud bases and identiﬁable updrafts to effectively seed with
hygroscopic ﬂares. However, during the summer, suitable convective clouds develop on
about a third of the days, and treating 3-4 storms on each of these days seems reasonable.
It is conceivable that a randomized seeding experiment, targeting the mountains in
particular, could yield results in two to three years.
Summaries of the trial seeding cases suggest that conditions amenable to seeding occur
on only a few days during the winter, typically late in the winter season. Conversely,
suitable storms developed on more than a third of the summer days, although the number
of storm tracks differed considerably between 2001 and 2002. In summary, the results
mostly answered the two fundamental questions and thus supported proceeding with
Phase II of the Rainfall Enhancement Assessment Program during the summer months in
the UAE. This involved designing and implementing a randomized hygroscopic cloud
seeding experiment (see appendix A for Experimental Plan) during the summer season
to statistically quantify the potential for cloud seeding to enhance rainfall, speciﬁcally
over the UAE and Oman Mountains. It was anticipated that the the randomized seeding
experiment would require at least two years to treat a sufﬁcient number of cases (~266), and
377

required close collaboration with Oman in operating the seeding experiment seamlessly
across their border. It was also recommended that any future cloud seeding experiment
operations be based in Al Ain to ensure better response to cloud development and more
effective cloud seeding operations.
7.5.1

Objectives

The objectives of Phase II of the Rainfall Enhancement Assessment Program in the UAE
were to:
(a) Determine whether there is a quantitative effect on radar derived storm-based
rainfall from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time history of such effect and the probable
cause.
(c) Test the concepts of the South African and Mexican experimental approach in
the UAE.
(d) Collect concurrent and separate physical measurements to support the statistical
results and provide substantiation for the physical hypothesis.
7.5.2

Precipitation Processes in Seeded and Unseeded Clouds

Modiﬁed-maritime situations produce convective storms with low droplet concentrations
and broad droplet spectra at cloud base. Concentrations are generally less than 200 cm-3,
with sizes up to 20 µm. These storms are thought to have higher precipitation efﬁciency
and are not expected to respond signiﬁcantly to hygroscopic seeding.
This experiment is aimed at increasing rainfall from storms that are more continental
in nature. Such storms have high droplet concentrations and narrow droplet spectra at
cloud base. Measurements made in the UAE during the summer months indicated high
concentrations of CCN and cloud droplets near cloud base typically associated with a
continental and/or highly polluted environment.
Precipitation formation in convective clouds may be dominated either by coalescence
processes or ice-phase processes. Storms with high droplet concentrations of small sizes
tend to be dominated by ice-phase processes. The result is a large number of small ice
particles, many of which fail to reach the ground and either evaporate or enter the anvil
cloud.
Results from the South African and Mexican experiments indicate that hygroscopic
seeding at cloud base early in cloud development may signiﬁcantly increase the rainfall
from continental storms. The seeding material is dispersed into the inﬂow region at cloud
base. Because these particles are larger and more hygroscopic than the natural particles,
cloud droplets will nucleate preferentially on the seeding particles. This inhibits a portion
of the smaller natural cloud condensation nuclei from becoming activated because the
droplets already formed as a result of seeding limit the maximum supersaturation. The
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result is a broader-than-natural droplet spectrum near cloud base that enhances the
potential for precipitation to develop earlier and more efﬁciently in the lifetime of the
cloud. In addition, the expectation is that this seeding effect will spread to other parts of
the cloud and enhance the formation of precipitation there. The ultimate effect is a more
efﬁcient precipitation process.
An overview of the experimental results, physical processes and research needs with
respect to hygroscopic seeding is provided in the WMO (2000) document. In this section
we will only summarize some microphysical aspects with respect to the development of
precipitation in seeded clouds that could be addressed during a ﬁeld effort and that could
provide physical measurements to enhance the physical understanding of hygroscopic
seeding and support the statistical randomized experiment.
7.5.2a

Warm Rain Processes

There are two ways in which hygroscopic seeding might enhance the early formation of
precipitation:
(a)
(b)

Through addition of ultra-giant particles that provide embryos for rain
formation
Through production of larger cloud droplets that lead to an enhanced coalescence
process and hence to rain.

Calculations suggest that both these processes may be important, but the framework for
the calculations and our present knowledge of the aerosol size distributions in natural and
seeded cases are not adequate to determine which (if either) is dominant. The next step in
exploration of the physical sequence leading to precipitation (in natural and seeded cases)
is to determine the relative importance of these two processes.
The ﬁrst process (a) involves ultra-giant particles and is optimized by the introduction
of low concentrations of very large particles (larger than 10 µm diameter). The second
(b) requires higher concentrations of smaller particles (of about 1 µm diameter). The
two processes also differ in how they will affect clouds: the ﬁrst directly enhancing
the small concentrations of precipitation embryos, while the second lowers the number
concentration of cloud droplets, broadens the droplet size distribution, and hence
accelerates the coalescence process that leads to rain. The two possibilities thus differ
signiﬁcantly in the seeding method that would be optimal and in the change produced in
hydrometeor size distributions.
Any ultra-giant particles introduced into an adequate updraft will grow to precipitation
embryos, so the relative importance of these two processes will largely be determined
by how important (b) is. Some observable consequences that could be measured
include these:
 Process (b) requires modiﬁcation of the central portion of the cloud droplet size
379

distribution at cloud base, while that is not a requirement of (a). Absence of cloudbase changes other than the introduction of ultra-giant embryos would be strong
evidence for (a).




Process (b) will lead to a broader cloud droplet size distribution at altitudes of 1001000 m above cloud base, and so to an enhanced coalescence rate. Concentrations
of drizzle at intermediate levels in the cloud that exceed the concentrations of ultragiant particles introduced at cloud base (with appropriate correction for dilution), if
linked to seeding, will be strong evidence for process (b).
One might expect process (a) to produce an early echo dominated by a small
number of very large hydrometeors while (b) might produce an early echo from a
larger number of drizzle-size droplets. Calculations suggest that these two processes
might be distinguished by a differential-polarization (ZDR) measurement, with a
high value favoring (a) and a low value favoring (b).

It is still a question whether the tail (process (a)) or the main part (process (b)) of the
particle spectra produced by the hygroscopic ﬂares are the dominant mechanism to induce
coalescence. Measurements in South Africa (Cooper et al., 1997) indicated broadening
of the spectra and reduced concentrations of droplets a few hundred meters above cloud
base in the seeded region of the cloud. However, measurements in Mendoza, Argentina
in February 2000 did not show the reduced concentrations but an enhanced tail in the
droplet concentrations. It is important to determine which of these two mechanisms are
inducing the coalescence process and lead to possible drizzle formation.
In addition, diffusion of seeding material is too slow to permit spread throughout a rising
turret during the typical ascent of a parcel in that turret. The spread of a seeded plume
to a width of about 1 km takes about 10 min or more, or (with typical parcel ascent rates
of 5-10 m s-1) a rise of 3-6 km. Similar considerations of the inﬂow to a storm versus
the inﬂow region that can be seeded suggest that it is difﬁcult to affect a signiﬁcant part
of the inﬂow of a storm if the seeding effect only appears in the initial ascent of the
turret. This suggests, in accord with much observational evidence for natural storms, that
recirculation processes may be required if seeding is to affect a signiﬁcant part of the
precipitation from a multi-cellular storm (unless dynamic effects from the seeding play a
predominant role in propagating the seeding effect).
The number of ultra-giant particles produced by the ﬂares seems inadequate to produce
a signiﬁcant seeding effect, unless enhancement of the precipitation process by breakup occurs. The ﬂares produce an estimated concentration <1000 m-3 of particles larger
than 10 μm (as measured behind a seeding aircraft where the plume was about 10 m
in diameter). This suggests that the total number produced might be about 10 m x 10
m x 100 m s-1 x 17 min x 1000 m-3= 1010 particles. If each grows to a 3 mm diameter
raindrop, total rain mass is of order 108 g or, for a 1 km2 area, a rain depth of 0.01 cm.
The concentrations are also too low to support signiﬁcant collision-induced break-up. (In
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contrast, drizzle concentrations up to 104 larger were produced in some of the calculations.)
This suggests that drizzle formed from coalescence among droplets may be a signiﬁcant
source of embryos for rain formation. If the source is giant particles, multiplication by
break-up is needed.
Continuous-coalescence calculations indicate that, for growth to a 3 mm diameter
raindrop, a collecting embryo must fall over a trajectory having a path integrated liquid
water content of ~6 g m-3 km (e.g., 3 g m-3 over 2 km). If it takes 10-20 min for this to
occur, this occupies most of the lifetime of a typical cell.
All these factors suggest that recirculation (embryos produced in one part of a turret
entering another part or another turret) may be needed to produce signiﬁcant precipitation
in a multi-cellular storm.
7.5.2b

Mixed-phase and ice processes

The basic intent of hygroscopic seeding is to accelerate the coalescence process through
modiﬁcation of the cloud droplet size distribution. However, that modiﬁcation can also
affect ice phase processes in the clouds if they reach temperatures below 0°C, as could
have possibly occurred in the South African and Mexico experiments. There are a number
of such potential inﬂuences and the parameters involved in most are reasonably well
known. Yet, the impacts of changes in the overall evolution of the seeded clouds, and in
the amount of precipitation produced are not readily predicted. Just as there has been only
limited success so far in modeling the formation of precipitation in convective clouds in
which ice phase processes dominate, the effects of hygroscopic seeding on such clouds
are also difﬁcult to assess with any conﬁdence.
The most important elementary ice processes that are sensitive to the cloud droplet size
distributions are riming rates and secondary ice generation. Primary ice nucleation is
not expected to be inﬂuenced, unless the seeding material or other products associated
with it have ice-nucleating properties. This is not likely to be the case, as neither soluble
particles nor combustion products are good ice nucleators. However, the earlier formation
of drizzle or raindrops in seeded storms may provide the initial graupel embryos through
the freezing of these large drops. Larger drops freeze preferentially at temperatures below
0oC and these frozen drops provide more efﬁcient graupel embryos than graupel formation
through the primary ice nucleation process.
The accretion of cloud droplets by ice crystals is subject to alterations due to changes
in cloud droplet size distributions and the associated changes in collection efﬁciencies.
To the extent that hygroscopic seeding either increases the concentrations of the cloud
droplets at the large end of the spectrum, or shifts the whole spectrum to larger sizes, it
will increase the collection efﬁciencies of droplets on ice particles.
The breakup of ice crystals and the fragmentation of rime clusters on ice crystals are
both subject to changes as a consequence of broadened droplet size distributions but
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not enough is known about these processes to make more precise statements about the
expected changes. The most clearly established mechanism for secondary ice generation,
the Hallett-Mossop (H-M) rime splintering process, is known in enough detail to consider
the possible effects of altered droplet size distributions, and this effect is quite simple. The
probability of splinter production (per collision between ice crystals and cloud droplets)
is directly proportional to the number concentration of cloud droplets with diameters
exceeding 24 µm. Thus, if the shift in droplet spectra due to hygroscopic seeding can
be well predicted then the secondary ice generation rate that might arise in the cloud,
provided all other conditions for this process are fulﬁlled, can be readily estimated.
As in the case of riming, the generation of additional ice crystals via an accelerated H-M
process does not lead to a clearly predictable effect on precipitation efﬁciency. Model
experiments comparing the precipitation produced with or without the H-M process have
given somewhat divergent results, from no change in precipitation over the lifetime of
the cloud to relatively modest changes. Because of the multitude of processes inﬂuencing
precipitation efﬁciency, and limited by available moisture and instability, the impact of
the H-M mechanism, or of any other speciﬁc process, on the total amount of precipitation
is limited.
In summary, with a broadened cloud droplet spectra it is expected that frozen drizzle or
raindrops will form the initial graupel particles, riming efﬁciencies are increased and
that a secondary ice process might be initiated. The biggest effect of riming would be
to speed graupel production somewhat. Only quantitative analysis can assess the likely
importance of this. However, one should expect it to be less important than any process
that increases the number of ice particles. Secondary ice generation in clouds with bases
at relatively warm temperatures (+10oC and higher), the impact of hygroscopic seeding
on the H-M process is likely to be small. The droplet spectrum at the height of the –3 to
–8oC temperature level (where the H-M process is active) will already have a substantial
concentration of droplets larger than the critical 24 µm size. The colder the cloud bases
(<10oC) the larger the potential effect of hygroscopic seeding will be.
7.5.2c

Raindrop size distributions

Within a rain-shaft the growth processes of condensation and collision-coalescence,
together with the effects of collision-breakup, lead to similarity in the drop size distributions
so that an empirical relationship can be ﬁtted to the relationship between radar reﬂectivity
and rainfall rate. A combination of high-resolution radar measurements and in-situ
measurements is needed to establish the mechanisms giving rise to this similarity and
to assess the uncertainty in the reﬂectivity-rainfall rate relationship due to natural cloud
variability and the effects of artiﬁcially-induced changes in the drop size distribution.
Characterizing the raindrop size distribution (DSD) at cloud base is important to the
hygroscopic seeding question. One is as a direct measure of seeding response, where
the DSD potentially changes in some unknown way due to seeding. A question exists as
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to whether the results from the various seeding projects are really due to DSD changes,
which then confuse the radar reﬂectivity analysis used in the statistical evaluation.
Another is as a parameter in initializing and validating numerical studies on the effect of
evaporation and water loading in developing downdrafts and cold pools, which in turn
may be of importance in generating new convection. Inherent in any DSD study related
to seeding effects is an assessment of natural variability, encompassing the time history
of DSD throughout a storm, from storm to storm, and from day to day.
7.5.3

Physical Hypothesis

Based on the physical chain of events in the development of precipitation in seeded
and unseeded clouds the seeding conceptual model and hypothesis for a microphysical
propagation of the seeding effect is summarized in Table 7.4
Note that the above seeding conceptual model primarily incorporates the microphysical
aspects of the seeding conceptual model. Based on the previous randomized seeding
experimental results in South Africa and Mexico additional dynamic effects in terms of
enhanced cloud growth due to possible modiﬁcation of the updraft/downdraft structures
and the development of progeny clouds had to be invoked to explain the statistical
results. A graphical description of the seeding hypothesis is provided in Figure 7.25. The
Experimental Plan attached as Appendix A and the Operations Plan, attached as Appendix
B provides a more detailed description of the design and execution of the randomized
experiment. Clouds were selected by the pilots based on set of pre-determined criteria as
depicted in Figure 7.26.
Table 7.4: Seeding conceptual model

MICROPHYSICAL SEEDING CONCEPTUAL MODEL










Hygroscopic seeding broadens the cloud droplet spectra near cloud base.
Hygroscopic-ﬂare seeding enhances the production of drizzle.
Drizzle production occurs in near-adiabatic ascent of parcels (where LWC
is high), resulting in drizzle near the tops of new turrets and in downdrafts
(which can be stronger).
Recirculation is important, helping drizzle enter high-LWC regions of the
same turret and spread to other turrets.
If the cloud vertically extends to temperatures colder than 0oC, large drizzle
and raindrops would freeze preferentially and become the primary graupel
embryos.
Broader cloud droplet spectra below 0oC would result in higher riming
rates.
Combination of large drop freezing and broader cloud droplet spectra may
result in secondary ice generation.
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Additional loading of precipitation at lower levels in seeded clouds results in
changes in updraft/downdraft structures and modify dynamic aspects of the
storm.
Seeded storms will differ from unseeded:
- Modiﬁed droplet size distributions near cloud base (in narrow regions
associated with the seed plumes)
- Enhanced drizzle concentrations near tops of seeded turrets and adjacent
turrets
- Enhanced drizzle in downdraft regions at the edges of turrets
- Enhanced large drop graupel embryos below 0oC
- Enhanced secondary ice generation below 0oC
- No differences in DSD between seeded and unseeded storms


7.5.4

Randomized Seeding Experiment Overview and Summary

Weather modiﬁcation research has a long history. However, there still lacks consistent
and reliable scientiﬁc “proof” that it works. Researchers rely, in part, on statistics for
their evidence. However, even if weather modiﬁcation experiments had been able to
produce unequivocal statistical “proof” of an effect, replication of that effect is required
before weather modiﬁcation efforts can be declared a success. A wide variety of tests and
analyses have been completed on weather modiﬁcation experiments. The problem lies
with the use of statistical hypothesis testing as a “rubber stamp of approval.” Statisticians
argue that a single test variable is necessary to guard against multiplicity and to provide
an unambiguous proof of concept.

Figure 7.25. Hygroscopic cloud seeding conceptual model
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Figure 7.26. Typical candidate clouds for randomized cloud seeding experiment

Data from cloud seeding experiments are highly variable, and this reduces the power
of a single test to detect differences. Dividing the allowable error among multiple tests
makes detecting differences practically impossible. However, multiple statistical tests
of different covariates can be helpful in guiding physical understanding. Statistical tests
will continue to play an important role in enhancing physical understanding; statistics
can be used not only as tool to test proof-of-concept, but also as a tool for discovery (a
mathematical ‘magnifying glass’). Randomized experiments will continue to play an
important role in weather modiﬁcation studies, but the acceptance of results from these
experiments will only come when we are able to physically explain the statistical results
and vice versa. The recommended solution is to complete a single hypothesis test in the
conﬁrmatory phase of the experiment to retain maximum power to detect an effect from
seeding. In addition, other exploratory statistical analyses should be undertaken as a tool
for discovery, a mathematical magnifying glass. In the case of the UAE experiment, the
details of the experimental unit and the statistical tests are described in Appendix A.
Table 7.5 summarizes the seeding experiments for 2003 and 2004. Research 2 treated
signiﬁcantly more cases than Research 1, partly due to the fact that Research 2 operated
out of Al Ain for most of its cases. Also, Research 1 shared its time between research
ﬂights and seeding ﬂights, while Research 2 was the primary seeding aircraft.
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Table 7.5 Summary of randomized seeding experiments (2003-2004).

Summer
2003

Summer
2004

Total

Days with treatment

31

37

68

RSH1 Seeded cases
RSH1 Non-Seeded

9
8

4
8

13
16

RSH2 Seeded cases
RSH2 Non-Seeded

21
21

29
34

50
55

Total Number of Cases

59

75

134

Number of Accepted Cases

41

55

96

A total of 134 cases were treated over the two summer seasons, of which 96 met the
analysis criteria established in the Experimental Design. Of the 59 randomized seeding
cases selected in 2003, forty-one met the analysis criteria. Eighteen cases did not qualify
for four reasons: 1) thirteen never developed a Titan track (i.e., thresholds of 30 dBZ in
reﬂectivity and 9 km3 in volume size); 2) three were tracked for only one volume scan
(two volume scans are necessary for an integration to yield rain mass); 3) one was outside
the coverage area (more than 140 km away from the radar); and 4) one track was treated
twice (although more than one hour apart) and could only be counted once. Of the 75
randomized seeding cases in 2004, ﬁfty-ﬁve met the analysis criteria. Twenty cases did
not qualify for three reasons: 1) ten never developed a Titan track (i.e., thresholds of 30
dBZ in reﬂectivity and 9 km3 in volume size); 2) one formed too close (within 20 km) to
a previous case; and 3) nine were treated twice or more (i.e., the same track, including
mergers and splits, was treated more the once).
The 2003 tracks are based on Titan analysis of the Al Ain EDGE data (without any
reﬂectivity corrections). The 2004 tracks were based on Al Ain NCAR-processor data,
and are considered to be well-calibrated. The Titan tracks for both years, but particularly
for 2004, were complicated by large precipitation areas that merged and split with multiple
developments tied to the mountain-genesis region. The identiﬁcation of cells or Titan
tracks that correspond with the treated areas at cloud base was not always straightforward.
Usually, an identiﬁable reﬂectivity cell developed aloft at or shortly after the time of
treatment, associated with the updraft area identiﬁed and treated at cloud base. Often
times, this reﬂectivity cell was embedded in previous cells or adjacent to previous cells
that were included in the overall Titan track. The best experimental unit is an isolated cell
that clearly results from the treated updraft, possibly with subsequent cells forming and
propagating in conjunction with the treated cell. But far too often in the UAE cases, the
treated updraft area was associated with widespread convection and mulitiple rain areas
that Titan identifed as a single complex (with cell mergers and splits). These Titan tracks
are essentially comtaminated or diluted by reﬂectivity areas that are not affected by the
treated updraft but are included in the overall storm properties.
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Two examples are presented that demonstrate this effect. Figure 7.27 shows a reﬂectivity
composite plot for six time periods for a seeded case by Research 2 on 7 July 2004. The
treated storm (Track #10) was one of several that formed over the mountains about 40
km ENE of Al Ain, but it remained relatively isolated. An additional cell (Track #10/13)
developed near the treated updraft area and merged with Track #10 (see Figure 7.27
lower panels at 1217 and 1227). Since the cell is reasonably close in time and space to
the treated updraft, its inclusion in the storm properties of Track #10 is appropriate for
this case.
In contrast, an unseeded case by Research 1 on 10 July 2005, 100 km SE of Al Ain,
is shown in Figure 7.28. Track #14 ﬁrst formed about 45 min prior to the decision/
treatment time (DT), and developed into a complex of several merged cells anchored to
the mountains in this area. A maximum reﬂectivity area appears to develop at around
0948 (Track #14/86 in middle-left panel of Figure 7.28) in response to the treated (in this
case, unseeded) updraft, but it becomes embedded in a larger area of reﬂectivity as part
of Track #14. The storm properties of all of Track #14 from DT to 60 min after DT are
used in the statistical analysis, yet it seems clear that not all of Track #14 was affected by
the treated updraft. Here, Track #14 is not particularly appropriate as an experimental
unit, but needs to be included as dictated in the Experimental Design. Titan parameters
were adjusted (within the bounds of the Experimental Design) to try to better separate the
affected cells from adjacent ones, such as using dual thresholds of reﬂectivity to identify
and track cells. These were largely inadequate however, and more ﬁne-tuning of the
Titan tracking parameters, in exploratory analyses, may better deﬁne treated cells. This
approach is also expected to increase the number of cases as individual cells are better
deﬁned within storm complexes, which result in fewer tracks being classiﬁed as being
treated more than once.

387

Figure 7.27. Composite reﬂectivity plots (scale at right) of seeded case on 7 July 2004 at six time
periods: near decision time (1137) and every 10 min until 1227. A 10-min ﬂight path (centered in
time with the radar plot) of Research 2 is shown as an orange and blue line with a circle at the time
of the reﬂectivity plot. The Titan track number is plotted in the center of the maximum reﬂectivity;
treated track (#10) is highlighted.
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Figure 7.28. Same format as Figure 7.27 except for an unseeded case on 10 July 2004, 0928 to
1018, with Research 1 (white line) and treated Titan track #14 highlighted.

A summary of all the treated cases in 2003-2004 (134 total) is given in Table 7.6. Cases
were treated largely between 0900 and 1400 UTC (1300 and 1800 GST – Gulf Standard
Time), with cloud bases that varied between 5900 and 13500 feet MSL (1800-4100
m). The locations of all the treated cases at decision time are plotted in Figure 7.29.
The predominance of cases over the mountains, along with several that were associated
with sea breeze fronts extending into the desert regions, reﬂects the rainfall distribution
patterns presented in Section 5.3.5d.
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Table 7.6 Details of cases from the randomized seeding experiment (2003-2004).

Research 1: Randomized Case Summary (2003-2004)
Case #
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Date

Lat

Lon

Decision
Time

Case
End
Time

Action

Cloud Base
#
Flares
Hgt (ft)

R1C1

12 Jul 03

24.337

56.036

1037

1057

seed

6

9000

R1C2

20 Jul 03

24.012

55.487

1351

1359

no seed

0

8300

R1C3

22 Jul 03

23.791

55.977

1300

1317

no seed

0

8000-8500

R1C4

23 Jul 03

24.501

55.926

1352

1404

seed

8

8100-9000

R1C5

02 Aug 03 23.760

56.13

1310

1325

no seed

0

8600-8700

R1C6

05 Aug 03 24.970

55.74

1250

1309

seed

10

8500-9000

R1C7

06 Aug 03 24.030

56.36

1033

1053

seed

10

8700

R1C8

06 Aug 03 24.098

56.091

1311

1325

no seed

0

10800

R1C9

06 Aug 03 24.411

56.183

1337

1353

seed

10

10000

R1C10

25 Aug 03 23.722

56.638

1128

1143

no seed

0

10800

R1C11

25 Aug 03 24.002

56.387

1155

1213

seed

10

9200

R1C12

27 Aug 03 23.912

56.465

1257

1314

seed

10

5900-6000

R1C13

29 Aug 03 24.379

56.137

1212

1228

no seed

0

8000

R1C14

29 Aug 03 23.972

56.249

1235

1251

seed

10

10500

R1C15

19 Sep 03

24.099

56.300

1053

1109

seed

10

6500

R1C16

19 Sep 03

23.487

56.777

1247

1256

no seed

0

10000

R1C17

09 Jul 04

25.278

55.982

1043

1053

no seed

0

8000

R1C18

10 Jul 04

23.952

56.362

852

910

seed

10

10000-12000

R1C19

20 Sep 03

24.274

56.166

1150

1206

seed

10

7500

R1C20

10 Jul 04

23.842

56.491

927

942

no seed

0

10500

R1C21

10 Jul 04

24.049

56.569

1112

1120

no seed

0

8500

R1C22

11 Jul 04

24.299

56.200

841

856

no seed

0

8000-7000

R1C23

11 Jul 04

24.841

55.954

949

1002

no seed

0

7500-9200

R1C24

11 Jul 04

25.097

55.962

1028

1048

seed

11

9500

R1C25

12 Jul 04

24.992

56.017

1036

1052

seed

7

10200

R1C26

13 Jul 04

23.930

56.327

913

922

no seed

0

11000

R1C27

29 Jul 04

24.376

56.108

1046

1104

seed

11

7800

R1C28

02 Sep 04

24.400

55.944

1252

1307

no seed

0

R1C37

15 Jul 04

25.331

56.127

1207

1235

no seed

0

9500
7000 and
9000

R2C1

Research 2: Randomized Case Summary (2003-2004)
Case
Decision
#
Cloud Base
Date
Lat
Lon
End Action
Time
Flares
Hgt (ft)
Time
15 Jul 03 24.417 55.758
1103
1121 no seed
0
10000

R2C2

15 Jul 03

23.988

56.082

1132

1148

no seed

0

8800

R2C3

15 Jul 03

23.822

56.147

1156

1214

seed

10

9500

R2C4

17 Jul 03

24.021

56.277

1135

1150

no seed

0

8800

R2C5

17 Jul 03

23.685

56.471

1200

1215

no seed

0

8500

R2C6

20 Jul 03

23.456

55.779

1127

1143

seed

10

8000

Case #

R2C7

20 Jul 03

23.711

55.868

1156

1211

no seed

0

8000

R2C8

20 Jul 03

23.694

55.339

1223

1238

no seed

0

8000

R2C9

20 Jul 03

24.021

55.483

1437

1455

seed

10

6500

R2C10

21 Jul 03

23.732

55.808

1420

1430

no seed

0

9000

R2C11

22 Jul 03

23.867

56.103

1319

1334

seed

10

7500

R2C12

24 Jul 03

24.097

56.230

1123

1141

no seed

0

9500

R2C13

24 Jul 03

24.476

56.172

1154

1211

no seed

0

9500

R2C14

24 Jul 03

24.347

55.300

1305

1320

seed

10

5500

R2C15

24 Jul 03

23.769

55.506

1519

1534

seed

10

7000

R2C16

01 Aug 03 23.620

55.900

1352

14.01

seed

10

8500

R2C17

07 Aug 03 23.950

55.860

1419

1434

no seed

0

9000

R2C18

04 Aug 03 24.470

55.900

1230

12.43

seed

8

9000

R2C19

04 Aug 03 23.950

55.860

1256

1308

seed

8

9000

R2C20

08 Aug 03 25.101

55.560

1127

1141

seed

7

9000-10500

R2C21

08 Aug 03 24.780

55.580

1207

1213

no seed

0

10400-10700

R2C22

17 Aug 03 23.960

56.409

1113

1130

seed

11

6500-6700

R2C23

18 Aug 03 24.026

56.460

1013

1028

no seed

0

7000

R2C24

22 Aug 03 23.640

56.420

1116

1131

no seed

0

9000

R2C25

22 Aug 03 23.920

56.290

1155

1212

seed

10

9000

R2C26

23 Aug 03 23.847

56.281

1048

1106

seed

10

11000

R2C27

23 Aug 03 24.567

56.085

1125

1138

seed

7

10000

R2C28

23 Aug 03 24.072

56.285

1332

1347

no seed

0

9000

R2C29

27 Aug 03 24.108

56.213

1052

1107

seed

10

7000

R2C30

27 Aug 03 23.866

56.437

1116

1131

no seed

0

7500

R2C31

27 Aug 03 24.334

56.105

1146

1203

seed

10

8000

R2C32

28 Aug 03 24.179

56.039

1118

1137

no seed

0

11500-12000

R2C33

28 Aug 03 24.025

56.247

1146

1203

seed

10

10500

391

392

R2C34

30 Aug 03 24.091

56.265

1043

1058

seed

10

8000

R2C35

30 Aug 03 23.743

56.499

1112

1127

no seed

0

9000

R2C36

06 Sep 03

24.828

55.853

1146

1201

no seed

0

8000

R2C37

07 Sep 03

25.048

55.793

1142

1158

no seed

0

7000

R2C38

07 Sep 03

24.116

56.319

1239

1242

seed

2

11200

R2C39

08 Sep 03

23.854

56.551

1021

1037

seed

10

7000

R2C40

18 Sep 03

24.280

56.068

1232

1247

no seed

0

12000

R2C41

19 Sep 03

23.899

56.233

1110

1129

seed

10

9000

R2C42

20 Sep 03

23.967

56.281

1231

1246

no seed

0

8000

R2C43

25 Jun 04

24.918

55.942

1108

1119

no seed

0

9500

R2C44

25 Jun 04

24.733

56.071

1215

1230

seed

10

8000

R2C45

06 Jul 04

24.600

55.974

1123

1139

seed

10

12000

R2C46

07 Jul 04

23.687

56.256

1058

1116

seed

10

13500

R2C47

07 Jul 04

24.416

56.043

1137

1152

no seed

0

12000

R2C48

08 Jul 04

23.849

56.222

1056

1114

seed

10

10900

R2C49

08 Jul 04

24.506

55.818

1227

1244

seed

10

11600

R2C50

09 Jul 04

24.146

56.245

956

1011

no seed

0

9500

R2C51

09 Jul 04

24.531

56.045

1053

1110

seed

10

11500

R2C52

10 Jul 04

24.337

56.291

904

919

no seed

0

7200

R2C53

11 Jul 04

24.519

56.076

846

902

no seed

0

5500-6000

R2C54

11 Jul 04

24.657

55.777

1258

1308

seed

6

9000

R2C55

12 Jul 04

24.426

56.179

829

844

no seed

0

9000

R2C56

12 Jul 04

23.896

56.485

1040

1056

seed

10

8000

R2C57

13 Jul 04

24.260

56.287

1054

1110

no seed

0

1000-10500

R2C58

13 Jul 04

24.681

56.257

1122

1137

no seed

0

10500-11000

R2C59

22 Jul 04

23.900

56.447

1120

1135

no seed

0

11000

R2C60

23 Jul 04

23.780

56.460

1132

1141

no seed

0

10500

R2C61

29 Jul 04

24.314

56.065

1225

1241

seed

10

7800

R2C62

01 Aug 04 23.524

56.648

1247

1302

no seed

0

8000

R2C63

10 Aug 04 23.952

56.227

1027

1041

no seed

0

11500

R2C64

05 Aug 04 23.797

56.421

1015

1030

no seed

0

8000

R2C65

18 Aug 04 24.035

56.220

1159

1216

seed

10

9600

R2C66

20 Aug 04 23.988

56.297

902

917

seed

10

10200

R2C67

21 Aug 04 25.183

55.879

1104

1119

seed

10

8500-7500

R2C68

21 Jul 04

24.447

56.179

1030

1045

no seed

0

9700

R2C69

21 Jul 04

24.164

56.181

1147

1202

no seed

0

11000

R2C70

22 Jul 04

23.272

56.336

952

1008

no seed

0

10000

R2C71

02 Sep 04

23.880

56.230

943

958

no seed

0

10000

R2C72

02 Sep 04

23.610

56.565

1010

1021

seed

6

8800

R2C73

03 Sep 04

24.330

55.940

939

954

no seed

0

6600

R2C74

03 Sep 04

23.600

56.001

1043

1058

seed

10

7500

R2C75

04 Sep 04

24.410

56.205

1119

1135

seed

10

8500

R2C76

13 Sep 04

24.671

55.672

1052

1108

no seed

0

8500

R2C77

13 Sep 04

24.428

55.987

1133

1148

no seed

0

8500

R2C78

14 Sep 04

23.834

56.374

959

1016

no seed

0

8500

R2C79

14 Sep 04

24.391

56.175

1038

1053

no seed

0

9000

R2C80

17 Aug 04 23.636

56.456

1326

1341

seed

10

8300

R2C81

14 Sep 04

24.025

56.304

1106

1122

seed

10

9200

R2C82

17 Sep 04

24.695

55.859

1042

1057

no seed

0

8100

R2C83

18 Sep 04

24.436

56.136

1051

1106

seed

10

6000

R2C84

18 Sep 04

23.797

56.476

1122

1128

seed

4

6700

R2C85

19 Sep 04

24.116

56.315

922

937

no seed

0

7200

R2C86

19 Sep 04

24.395

56.166

947

1002

no seed

0

7000

R2C87

19 Sep 04

24.587

56.159

1010

1025

no seed

0

5700

R2C88

19 Sep 04

23.948

56.360

1042

1057

seed

10

7700

R2C89

19 Sep 04

24.751

56.009

1128

1143

no seed

0

7800

R2C90

19 Sep 04

25.009

55.810

1323

1338

seed

10

6300

R2C91

26 Aug 04 24.173

56.298

850

906

seed

10

12000

R2C92

30 Aug 04 23.864

56.538

1136

1151

no seed

0

11900

R2C93

01 Sep 04

24.071

56.215

1059

1114

seed

10

8000

R2C94

12 Sep 04

24.325

56.462

1301

1316

no seed

0

12200

R2C95

13 Sep 04

23.857

56.200

1007

1024

seed

10

9500

R2C96

20 Sep 04

23.599

56.570

1100

1115

no seed

0

9000

R2C97

20 Sep 04

23.874

56.289

1126

1139

seed

10

8700

R2C98

20 Sep 04

24.289

56.140

1152

1203

seed

6

8200

R2C99

22 Sep 04

24.484

55.187

1230

1245

no seed

0

6500

R2C100 24 Sep 04

24.403

56.024

957

1012

no seed

0

11000

R2C101 24 Sep 04

24.582

56.010

1019

1033

no seed

0

12000

R2C102 24 Sep 04

24.372

56.128

1052

1108

no seed

0

12500

R2C103 24 Sep 04

24.271

55.886

1127

1142

seed

10

11500

R2C104 24 Sep 04

24.548

56.106

1151

1205

seed

8

12500

R2C105 25 Sep 04

25.009

56.088

1046

1100

seed

10

11500
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Figure 7.29. Locations of all the treated cases in the randomized seeding experiment, color-coded
according to year and aircraft. Coordinates are latitude, longitude with the country boundaries
denoted by the gray lines.

7.5.5

Comparison of Rain Mass Distribution between 2001-2002 and 2003
Storms

For the statistical test, there is no documented method for determining the sample sizes
necessary to detect differences. However, when the data are normally distributed, the
t-test and Wilcoxon-Mann-Whitney (WMW) test are very closely related. Thus, in the
case of normal data, the sample size necessary to detect a difference using a t-test can
be multiplied by π/3 to estimate the sample size required for the WMW test to detect
the same difference. Fortunately, the logarithm of the rain mass measurements is nearly
normal, thus this method can be used to estimate sample sizes.
Sample sizes have been estimated by this method utilizing data collected during the 2001
and 2002 UAE ﬁeld studies. The sample size required for 5% error and 80% power to
detect a 25% increase in rain mass due to seeding is 266 cases, evenly divided between
the seeded and control groups. It is important to note that this is just an estimate.
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There are several factors that may change the required sample size. For example,
radar measurements collected by the Abu Dhabi radar during the summer seasons of
2001 and 2002 are used to derive the sample size estimate. These measurements may
not accurately represent the conditions during different years when the cloud seeding
experiment is being conducted because the radar was located more that 100 km away
from the randomized study area and range effects may play an important role. During
the planned randomized experiment, the newly installed and more optimally located Al
Ain radar was to be utilized. Further, the distribution of the storms may differ due to the
storm size, time and distance between storms, and other constraints placed upon storm
selection during the experiment; constraints that were not imposed during the 2001-2002
ﬁeld studies.
In order to determine if the treated cases in 2003 were being sampled as expected,
according to analysis of storms from 2001-2002, the distribution of rain mass (the
primary evaluation variable) was plotted for the two populations. The radar-estimated
rain mass was calculated using a Marshall-Palmer Z-R relation relationship Z = 200R1.6
where Z is the reﬂectivity and R the rainfall rate applied to a composite of the maximum
reﬂectivities at any height in the storm. This composite technique was used to minimize
range bias. The 2001-2002 samples were based on Titan tracks from the Al Dhafra radar,
which had poorer resolution in the Oman mountain region, and may have reﬂectivity
biases compared to the 2003 samples. Figure 7.30 shows the probability curves for the
two sets of rain mass – 2003 for 45 Titan tracks and 2001-2002 for 715 Titan tracks. [For
this analysis, four of the disqualiﬁed tracks in 2003 are included.] The distribution of
rain mass from the forty-ﬁve cases in 2003 is basically similar to that from the 2001-2002
samples, which were used to estimate the number of cases needed to show a signiﬁcant
outcome of the randomized hygroscopic seeding experiment. As expected, the 2003
cases consisted of fewer small storms than the general population since reasonably well
developed clouds were targeted for treatment. Also, fewer large storms were in the 2003
sample due mostly to the smaller sample size. However, the difference between the two
distributions is relatively small.
A useful plotting technique for displaying distributions is the “box and whisker” plot,
which will simply be referred to here as a box plot*. It is capable of showing several
statistical attributes of the measurements. The rain mass distributions for the samples
from 2001-2002 and 2003 are given in box plot form in Figure 7.31. This alternative
plot veriﬁes the results evident from the probability distribution plot in Figure 7.30. The
typical rain mass from storms in the 2003 season is slightly higher than the typical value
from the 2001-2002 seasons, although not signiﬁcantly so (i.e., the 95% conﬁdence
intervals overlap).
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Figure 7.30. Probability distribution of Titan tracks from the 2001-2002 sample of Oman mountain
storms (in red) and from the 2003 randomized seeding experiment (in blue). The 2001-2002
sample consisted of 715 tracks and the 2003 sample consisted of 45 tracks. Rain mass is calculated
from a time integration of precipitation ﬂux, which is determined using the Marshall-Palmer Z-R
relationship. One (metric) ton equals 1000 kg, so 1 kiloton equals 106 kg. The rain mass in kilotons
is plotted on a logarithmic (base 10) scale.

More importantly, the variability or spread in the rain mass amounts from the 2003 season
is smaller. The required number of cases for detecting an expected result from hygroscopic
seeding was estimated prior to the 2003 ﬁeld project using the 2001-2002 data. So, the
smaller variance in the rain mass measurements for 2003 suggests that they were selected
consistent with the assumptions from the 2001-2002 samples. Therefore, the estimated
number of cases needed for adequately testing the randomized seeding experiment is still
valid (as determined at the end of the 2003 ﬁeld season).
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* The center of the box is the median. The notch in the box represents an approximate 95% conﬁdence interval for the median. The top and bottom of
the box represent the 75th and 25th percentiles, respectively. The capped whiskers extend to the most extreme values (i.e. maximum and minimum)
that are not considered outliers. Outliers are represented by lines either above or below the whiskers.

Figure 7.31. Box plots of the distributions of rain mass measurements (on a natural log scale in
ktons) for storms from the 2003 season versus the 2001-2002 seasons combined. See the footnote
for explanation of the box plot.

7.5.6

2003 Analysis of the Randomized Seeding Experiment

Fifty-nine cases were treated in 2003; 30 seeded and 29 unseeded. However, 18 cases
were eliminated from the sample according to the Experimental Design. Of the fortyone valid cases from the 2003 randomized seeding experiment, twenty three were seeded
and eighteen cases were left unseeded. The rain mass measurements and duration of the
storms were calculated by the Titan storm tracking software. Distributions of rain mass
values for seeded and unseeded cases in 2003 are shown by the box plots in Figure 7.32.
Clearly, no signiﬁcant difference exists between the seeded and unseeded cases, since
the medians are very similar and the 95% conﬁdence intervals (the notches) completely
overlap. The distributions of the measurements are nearly identical. However, even
if there is a large difference, say 50%, in the rain mass values between the seeded and
unseeded cases in 2003, we would not expect to see it with only 41 cases.
One of the stronger differences seen in results from other seeding experiments is in storm
duration. For the 2003 randomized seeding experiment, box plots of storm (Titan track)
duration were generated for the seeded and unseeded cases (Figure 7.33). The typical
track duration for unseeded storms is just over an hour (66 minutes), while for seeded
storms it is 48 minutes. However, the notches in the boxes of the two distributions overlap,
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indicating that these differences are not statistically signiﬁcant. A few storms had very
long tracks of two, three, and even four hours while many storms were very short lived.
(For comparison, the typical track duration in 2001-2002 was about 40 minutes.) The
outliers result from storms on active days that had long periods of new cell development,
creating a long complex Titan track.

Figure 7.32. Box plots of rain mass for the 2003 unseeded and seeded storms. Rain mass is in
kilotons on a natural log scale.

A more relevant measure of any treatment effect on storm duration is the time interval
between decision (start of treatment) and the end of track. The distributions of this
interval for seeded and unseeded cases are shown in the box plots of Figure 7.34. Not
surprisingly, the results are similar to the simple measure of total storm duration (Figure.
7.33). Again, there is no signiﬁcant difference between the seeded and unseeded groups,
with typical times from decision to end of track of 30 to 40 minutes.
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Figure 7.33. Box plots of storm duration (in hours) for seeded and unseeded cases in 2003.

Figure 7.34. Box plots of time interval (in minutes) from decision to end of track for seeded and
unseeded cases in 2003.
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Consistent treatment of each case, whether seeded or unseeded, is critical to the success
of a randomized experiment. One measure of this consistency is to compare the intervals
between the start of the storm track and decision time for the seeded and unseeded groups.
This should show at what stage of storm development the treatment occurred. However,
the inclusion of complex tracks (with multiple cells) will add complications to the simple
comparison. As shown in the box plots in Figure 7.35, the typical interval from the start
of the track to the decision time does not differ between the seeded and unseeded storms.
This indicates that the two groups were treated consistently as far as timing of storm
development is concerned. Typically, storms are between 20 to 30 minutes into their
track at the time of decision. Some storms are seeded very early in their tracks, and some
even before the track appears. However, there are also nearly a quarter of the cases that
had tracks for more than 40 minutes before the decision time. Therefore, although the
cases appear to have been treated consistently, they also appear to have been treated quite
late in the life of the storms.

Figure 7.35. Box plots of time interval (in minutes) from the start of the track to decision time. A
negative time indicates a decision time prior to the storm developing a track (reaching 30 dBZ).

The potential response of a storm to cloud seeding is expected to be time-dependent. For
example, differences between seeded and unseeded cases should not be expected until 1020 min or so after the start of treatment. Therefore, time-series plots of potential response
variables (radar parameters from Titan analysis) may help demonstrate or understand
the results from integrated variables, such as total rain mass. Figures 7.36 and 7.X4 are
time-series plots of rain mass and storm volume for the 2003 cases. The rain masses for
seeded and unseeded cases are very similar, consistent with the integrated results shown
in Figure 7.32. The volume plot also suggests that the storm sizes are similar, contributing
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to the similarity in rain mass for the 2003 cases. Two other attributes are evident from
the volume plot: 1) a slight bias at decision time in storm volume (unseeded cases being
larger); and 2) the occurrence of the maximum shortly after decision time. These plots
support the conclusion from the box plots that the 2003 cases were treated quite late in
their life cycle, non-optimally for hygroscopic seeding.

Figure 7.36. Time series plot of Rain Mass
(ktons) for 2003 cases. Solid line is for seed
cases and dashed line is for no-seed cases. DT
stands for Decision Time.

Figure 7.37. Same as Fig 7.36 except for
Volume (km3).

Inspection of Figures 7.36 and 7.37 also suggest that the values are smaller than
expected, particularly when compared to 2004 cases (see next section). This implies that
the reﬂectivity measurements are lower than expected, and in spite of the inconsistent
comparisons presented in Section 4.2.5c, a correction should be applied. As part of an
exploratory analysis, the Al Ain radar reﬂectivity values for 2003 were adjusted 6 dB
(as suggested in the calibration work in February 2004), and time-series plots were recalculated with the adjusted values (Figures 7.38 and 7.39). Although the conclusions
are basically the same (as from Figures 7.36 and 7.37), an increasing difference in rain
mass between seeded and unseeded cases results from the bias in volumes that is now
evident throughout the time period, rather than just initially as in Figure 7.37. These
results emphasize the importance of correctly calibrated radar data. Time series plots for
the combined cases (2003-04) presented in Section 7.5.8 use the adjusted reﬂectivity data
for 2003 cases.
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Figure 7.38. Time series plot of Rain
Mass (ktons) for 2003 cases with adjusted
reﬂectivity values. Solid line is for seed cases
and dashed line is for no-seed cases. DT stands
for Decision Time.

7.5.7

Figure 7.39. Same as Fig 7.38 except for
Volume (km3).

2004 Analysis of the Randomized Seeding Experiment

A total of 75 cases were sampled in 2004 over 37 days between 25 June and 25 September.
Of those 75, 33 were seeded (S) and 42 were not seeded (NS). However, twenty cases
were eliminated from the sample, leaving 55 cases (22 S, 33 NS). Figure 7.40 shows a
box plot of the seed and no seed distributions of rain mass (ktons on a natural log scale).
As in 2003, there is no signiﬁcant difference in this bulk property (integrated over the
experimental unit – 60 min after decision time). Figure 7.41 shows a box plot of storm
duration. Similar to 2003, duration for unseeded storms is longer than for seeded storms.
A typical duration for unseeded storms is 65 min compared to 50 min for seeded storms.
The differences are not statistically signiﬁcant, but they explain some of the differences
in rain mass between seeded and unseeded cases for both years.
As demonstrated with the 2003 cases, a comparison of the intervals between the start of
the storm track and decision time for the seeded and unseeded groups generally show at
what stage of storm development the treatment occurred. Figure 7.42 is a box plot of the
time difference between storm track start and DT for 2004 cases. The typical interval
from the start of the track to the decision time does not differ between the seeded and
unseeded storms, and is remarkably similar to the 2003 cases. Like the conclusion from
the 2003 cases, the 2004 cases appear to have been treated consistently, but also appear to
have been treated quite late in the life of the storms.
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Figure 7.40. Box plot of Rain Mass for seeded and unseeded cases in 2004. Scale is in natural log
(ln) with units of ktons (1000 kg).

Figure 7.41. Box plots of storm duration (in hours) for seeded and unseeded cases in 2004.
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Figure 7.42. Box plots of time interval (in minutes) from the start of the track to decision time
for 2004 cases. A negative time indicates a decision time prior to the storm developing a track
(reaching 30 dBZ).

Figure 7.43. Time series plot of Rain Mass
(ktons) for 2004 cases. Solid line is for seed
cases and dashed line is for no-seed cases. DT
stands for Decision Time.

Figure 7.44. Same as Fig 7.43 except for
Volume (km3).

Figures 7.43 and 7.44 are time-series plots of rain mass and storm volume for the 2004
cases. Unlike the integrated rain mass results shown in Figure 7.40, the time series plots
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show differences between seeded and unseeded cases, with a larger increase early in the
period and a much quicker decay after 30-40 min for seeded cases. The time series of
volume shows differences in the trend that largely agree with the resulting differences
in rain mass between the seeded and unseeded cases. They also show a large bias at
decision time in storm volume (seeded cases being larger), and a similar result as 2003
of the occurrence of the maximum shortly after decision time. These plots reinforce the
conclusions that there are biases between the seeded and unseeded cases at decision time
and that the cases were treated later than optimally in their life cycle.
7.5.8

Combined Analysis of the Randomized Seeding Experiment (2003-2004)

Figure 7.45 shows a box plot of the seed and no seed distributions of rain mass (ktons on
a natural log scale) for all the randomized cases (96 cases) in 2003 and 2004. There is no
signiﬁcant difference in this bulk property between seeded and unseeded cases (integrated
over the experimental unit – 60 min after decision time). Given the results of rain mass
distributions for 2003 and 2004 separately, this combined result is not surprising. The
treatment timing and storm biases discussed in the 2003 and 2004 analyses certainly have
some effect on this inconclusive result.

Figure 7.45. Box plots of rain mass for the 2003-2004 unseeded and seeded storms. Rain mass is
in kilotons on a natural log scale.
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As discussed in the 2003 analysis (Section 7.5.6), there appeared to be a reﬂectivity bias
in 2003 that affected the rain mass amounts. This becomes more apparent when total rain
mass is compared between the two years, as in Figure 7.46. The rain mass in 2003, using
the original reﬂectivity data, is signiﬁcantly lower than in 2004. Therefore, incomparing
the years, the time series plots generated using adjusted reﬂectivities may be better suited
for demonstrating differences and biases.

Figure 7.46. Box plots of rain mass for the 2003 versus 2004 cases. Rain mass is in kilotons on a
natural log scale.
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Figure 7.47. Time series plot of Rain Mass
(ktons) for 2003-04 cases. Solid line is for seed
cases and dashed line is for no-seed cases. DT
stands for Decision Time.

Figure 7.48. Same as Fig 7.47 except for
Volume (km3).

Time series of rain mass and volume for all the cases are shown in Figure 7.47 and 7.48.
Although the differences between seeded and unseeded cases appear to grow large, they
are not signiﬁcantly different from each other at any time in the evaluation period. The
trends reﬂect the results from each individual year, and hence show the same biases as
well. In order to examine the trends in more detail, particularly to remove the inﬂuence
of the largest storms, time series plots for both rain mass and volume for 25th%, 50th%,
and 75th% quartiles (designated 1st, 2nd, and 3rd quartiles) are shown in the six-panel Figure
7.49. The 1st quartile plots (i.e., smaller storms) show little difference between seeded
and unseeded cases, with storm lifetimes of 40 min or less. However, even in these small
storms, development was well underway at decision time. The 2nd and 3rd quartiles reﬂect
the overall result (Figures 7.47 and 7.48) of increasing differences with time between
seeded and unseeded cases. They also show that the storms were already well-developed
at decision time, and for the 2nd quartile storms, near their peak development (e.g., near
maximum volume). It is also clear from the anlyses that the seeded storms (especially 2nd
and 3rd quartiles) dissipated faster than the seeded storms as discussed previously.
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Figure 7.49. Time series of Rain Mass (left column) and Volume (right column) for 2003-04 cases
divided in 25% quartile (top), 50% quartile (middle), and 75% quartile (bottom). Note changes in
scale between panels.
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In summary, the results of the seeding experiments and cases in 2001-2002 and the
randomized seeding experiment in 2003-2004 support the following conclusions:
• Surface humidity and atmospheric thermodynamic (stability) structure governs
cloud dynamical and microphysical processes, affecting among other things the
height of radar ﬁrst echoes.
• There is no signiﬁcance difference in the primary response variable, total rain
mass, between seeded and unseeded storms.
• The duration of seeded storms were less than unseeded storms (~50 min
compared to ~65 min), which in turn were longer than the 2001-2002 sample
from the Al Dhafra radar (~40 min).
• While the storms were treated consistently (judging from similar distributions of
time differences between start of track and decision time) between seeded and
unseeded cases, the typical difference of +20-30 min is considerably late in the
lifetime of an ideal case. For example, about 25% of the cases were treated more
than 40 minutes after the start time of the track. This indicates that storms were
treated quite late in their lifetime and non-optimally for hygroscopic seeding.
• There were no clear biases between seeded and unseeded cases at the time of
treatment, but storm volumes were already substantial and relatively near their
maximum at decision time. This reﬂects the lateness of treatment in the storm
cycle mentioned above.
7.6

SIMULTANEOUS MICROPHYSICAL MEASUREMENTS (2003-2004)

It is generally accepted that scientiﬁc understanding of the physical processes affected
by seeding is needed to reinforce any statistical results before such results can be
fully accepted. Because two aircraft were available for the seeding program, with one
instrumented to conduct cloud microphysical measurements, it provided a unique
opportunity to validate certain parts of the conceptual model and hypothesis presented
in Section 7.5.3. Concurrent physical measurements with the randomized experiment
(conducted over the duration of the experiment) could help scientists to either conﬁrm or
discard the seeding conceptual model and strengthen the statistical results.
The following measurements were only conducted on the ﬁrst case selected on each
day and when there were no opportunities for both aircraft to conduct separate seeding
experiments simultaneously on different cloud systems. This occurred on some days when
there are only limited cases available for the randomized experiment, or when convection
was ﬁrst initiated, or at the end of the day when convection was subsiding.
To validate parts of the seeding conceptual model and hypothesis presented in section
7.5.3, the following two measurements were part of the randomized experiment:
1) Measurement of drizzle formation, drop freezing, graupel growth, and
possible secondary ice generation by conducting repeated penetrations at the
–5oC level (approximately 18000-20000 ft) with the research aircraft during
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treatment in seeded and unseeded cases (Essential instruments: PMS 2D-C
and 2D-P, PMS FSSP, Liquid Water Content sensor, state parameters)
2) Measurement of the raindrop size distribution in the rain shaft immediately
below cloud base during and after seeding (up until 30 minutes after seeding)
by conducting repeated penetrations with the research aircraft through the
rain shaft in seeded and unseeded cases (Essential instruments: PMS 2D-C
and 2D-P, state parameters).
The purpose of the measurements in (1) was to determine if drizzle and raindrops developed
earlier and at lower altitudes and if graupel formation was evident and enhanced by the
freezing of large drops. In addition with a broadened cloud droplet spectra it was expected
that riming efﬁciencies would be increased and that a secondary ice process might be
initiated.
The purpose of the measurements in (2) was to determine if seeding modiﬁes the raindrop
size spectra below cloud base. It is possible that the statistical results using radar-derived
precipitation estimates might be due to seeding-induced drop size changes that would
affect the radar estimation of rainfall (Yin et al., 1998). The ﬁeld measurements of
raindrop spectra are needed to address this issue.
The two measurements described above were conducted on an alternating basis throughout
the randomized experiment.
7.6.1

Concurrent Microphysical Measurements

Table 7.7 summarizes the microphysical measurements made during 2003 and 2004. The
intent was to make these concurrent with a randomized case. Many times cloud base
conditions did not warrant declaring a case. Comments regarding the usefulness of the
cases, based on suitability of clouds, number of passes, or instrumentation malfunction
are made. Inspection of Table 7.7 reveals that very few concurrent measurements were
made during declared randomized cases. Unfortunately, even though the instruments
were diligently care for, many of them had malfunctions or corrupt data associated with a
given ﬂight. The remainder of the cases are considered studies of natural clouds and are
useful additions to the work done in 2001 and 2002.
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Table 7.7. Details of microphysical experiments. Note: ** after the date designates
measurements made during a randomized case.

Date

Experiment Type

Comments

17 Jul 2003

Precip. Develop.

Usable - good penetrations but not treated
storm

20 Jul 2003

Precip. Develop.

Not Usable - 2DC dumping empty buffers

21 Jul 2003

Precip. Develop.

Usable – pitot tube froze up so TAS
estimated; 2DC not always functioning

21 Jul 2003

Precip. Develop.

Usable – cloud dissipated quickly

23 Jul 2003

Rain Drop Dist

Not usable – no rainshaft developed

27 Aug 2003**

Precip. Develop.

Not Usable - 2DC dumping empty buffers

28 Aug 2003

Precip. Develop.

Usable – measurements only after end of
case

30 Aug 2003**

Precip. Develop.

Usable – not at -5º (mostly at 0º to -2.5º)

30 Aug 2003

Precip. Develop.

Usable – not at -5º (mostly at 0º to -2.5º)

31 Aug 2003

Precip. Develop.

Usable - cloud dissipated very quickly

1 Sep 2003

Precip. Develop.

Not Usable – no coordinated seeding
– StratoCu

2 Sep 2003

Precip. Develop.

Not Usable – no coordinated seeding
– StratoCu

6 Sep 2003

Precip. Develop.

Not Usable - 2D probes dumping empty
buffers

6 Sep 2003

Cloud Drop Broad.

Not Usable - cloud dissipated too quickly

6 Sep 2003

Cloud Drop Broad.

Not Usable – only 5 ﬂares used due to
ﬂare problems

7 Sep 2003**

Precip Develop.

Usable – not at -5º (mostly at 0º to -2.5º)

8 Sep 2003

Cloud Drop Broad.

Usable – measurements at only one level

8 Sep 2003

Rain Drop Dist

Not usable – 2D probes dumping empty
buffers

20 Sep 2003

Rain Drop Dist

Not usable – no rainshaft developed
2004

7 Jul 2004

Precip Develop.

Usable

8 Jul 2004**

Precip Develop.

Not usable – 2D ﬁles corrupt

11 Jul 2004**

Precip Develop.

Not usable – 2D ﬁles corrupt

12 Jul 2004

Precip Develop.

Usable

23 Jul 2004

All three experiments

Usable – experiments outside

24 Jul 2004

Rain Drop Dist

Usable
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25 Jul 2004

Precip Develop. &
Rain Drop Dist

Usable

29 Jul 2004**

Rain Drop Dist

Usable – 2DC dirty so not working

9 Aug 2004

Precip Develop

Usable

10 Aug 2004**

Precip Develop.

Usable – 2DP questionable at times

10 Aug 2004

Precip Develop.

Usable – 2DP questionable at times

1 Sep 2004

Precip Develop.

Not usable – missing data ﬁle

2 Sep 2004

Precip Develop.

Not usable – 2D ﬁles corrupt

2 Sep 2004

Precip Develop.

Not usable – 2D ﬁles corrupt

12 Sep 2004**

Precip Develop.

Usable – not at -5º (mostly at 0º to -2.5º)

13 Sep 2004

Precip Develop.

Usable – not at -5º (mostly at 0º to -2.5º)
– also had to break off due to cracked
windscreen

7.6.1a

Case Study: 12 September 2004 (No Seed Case)

Coordinated measurements taken during a no-seed treatment of a cloud on 12 September
2004 are the focus of this section but data from another convectively active day, 10 July
2004, are also presented for comparison. A 12Z sounding from Abu Dhabi, taken about
120 km west of the area of interest, is plotted for each day in Figures 7.50 and 7.51.
Additionally, soundings fro mthe Seeb airport in Muscat, Oman (approximately 100 east
of the mountains) for the two days are displayed in Figures 7.52 and 7.53. With the
generally easterly ﬂow during the summer months in this region, the Seeb soundings may
better represent the thermodynamic structure over the mountains. The soundings show
typical characteristics of the thermodynamic structure in which summer storms develop.
Most prominent is the dry, stable layer beginning at 500-450 hPa. The strength of this
layer (or lack thereof), caused by large scale subsidence, often determines the formation
of storms and their strength. Low-level moisture and mesoscale circulations over the
mountains (see Section 5), not represented in these distant soundings, are other major
determinants.
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Figure 7.50. Abu Dhabi sounding (skewT-logP) at 12Z on 10 July 2004. Cloud base was at ~790
hPa. (data from http://weather.uwyo.edu/upperair/sounding.html).

Figure 7.51. Abu Dhabi sounding (skewT-logP) at 12Z on 12 September 2004. Cloud base was
at ~650 hPa. (data from http://weather.uwyo.edu/upperair/sounding.html).
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Figure 7.52. Muscat sounding (skewT-logP) at 00Z on 10 July 2004. Cloud base was at ~790 hPa.
(data from http://weather.uwyo.edu/upperair/sounding.html).

Figure 7.53. Muscat sounding (skewT-logP) at 00Z on 12 September 2004. Cloud base was at
~650 hPa. (data from http://weather.uwyo.edu/upperair/sounding.html).
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On 10 July, low-level moisture causes a drastically different stability than on 12 September,
yielding a low warm cloud base (~2.2 km and +23° C) and more vigorous and widespread
convection. The upper level dryness and weak wind shear act to dissipate the storms
that develop. On 12 September, the stable layer is not particularly strong, suggesting
that convection has the potential of pushing through the 400 hPa level to perhaps as high
as the 250 hPa level. However, the elevated cloud bases (~3.6 km and +10° C) and the
extreme dryness above 550 hPa (~5 km and -2°C) also suggest that weaker convective
pulses will have suppressed tops.
With such a difference in cloud base between the two days, the height of the ﬁrst radar
echo might be expected to show a similar difference. In particular, warmer bases might
indicate a higher likelihood of a dominant warm rain process and therefore lower ﬁrst
echo heights. However, examination of several cells on each day (chosen to be the initial
cells of the day or isolated from nearby cells) show echo height differences opposite
to the cloud base differences. On 10 July, the ﬁrst echo height ranges from 6.0 to 7.5
km MSL, while on 12 September the heights range from 4.5 to 5.25 MSL. (The radar
resolution in the vertical is 0.75 km.) To further understand these differences, the radar
echo development for a small variety of cells was examined. Figure 7.54 is a plot of the
initial reﬂectivity growth rate versus cloud top growth. Although the two weakest cells
(smallest growth rates) come from the 12 September sample, both days have cells that
develop rapidly. There is an indication that initial reﬂectivity growth is related to cloud
top growth, but it is a tenuous relationship that requires vastly more samples. While it is
evident that convective overturning on 10 July is capable of lofting a substantial amount
of precipitation mass, vigorous cells exist on 12 September that also loft precipitation,
potentially affecting nearby cells.

Figure 7.54. Reﬂectivity growth
(dB/min) versus echo top growth
(km/5-min) over the same initial
5-min time period for three
widely spaced isolated cells on
10 July and four similarly chosen
cells on 12 September (including
the case study cell).
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One example of a vigorous storm on 12 September is the ﬁrst major storm in the operations
area, which developed as part of a second cycle of storms about 70-80 km southeast of
Al Ain. The height of the ﬁrst echoes in the area (~0 dBZ at 10:45) was at 4.5-5.0 km,
near the 0° C level. The storm was multi-cellular, and cells typically developed into sizes
of 10-15 km. At 11:35 UTC, two main cells are dominant (Figure 7.55). The top is near
its maximum of 11 km at this time although the large majority of the mass is below 6.5
km. A cross-section from northwest to southeast through the core of the cells is shown
in Figure 7.56. The hint of a detrainment layer is evident at 4–6 km, particularly on the
southeast (downwind) side of the northwest cell.
Photographic evidence from the research aircraft at 12:10 showed the storm tops to be
dissipating. Remains of the southeast cell of Figure 7.55 were evident as a thin iced
cloud, while the top of the northwest cell was beginning to detach. Also evident was an
extensive cloudy region and detrainment layer at roughly the aircraft altitude of 5 km.

Figure 7.55. CAPPI of composite
reﬂectivity (maximum dBZ at any
level) at 11:35 UTC on 12 Sept
2004. Area is about 30 km x 30
km. Reﬂectivity scale increments
by 5dB from 5 dBZ to 30 dBZ,
then by 3 dB from 30 dBZ to 56
dBZ. The shading is shown at the
right (e.g., maximum reﬂectivity in
NW cell is 48 dBZ). The dashed
line (from the northwest to the
southeast) shows the location of
the cross-section in Figure 7.56.

Radar
After sampling cells near the previously mentioned storm, the research aircraft settled on
a growing cloud mass 50 km east of Al Ain at 12:50. This storm lasted about 1 hr and
initially appeared to be uni-cellular. In fact, three or four different updraft pulses and
two moderate reﬂectivity cores occurred over this time period, reﬂecting the small-scale
complexity of precipitation development under close examination. The top of this storm
is considerably lower than that of the initial storm, and the bulk of the mass is below 6
km. Maximum reﬂectivities are several dB less as well.
The CAPPI in Figure 7.57 is near the time of the maximum echo top, and represents the
reﬂectivity area at 5.25 km, near the height of the aircraft passes. The aircraft track for
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a 10-min period is also plotted in Figure 7.57 and shows that the aircraft passes, while
below the visually most active tops, are slightly west of the echo core. The tightest
reﬂectivity gradients can be seen along the west to north side of the cell. More particles
appear to be spreading out in the southeast quadrant, which is the downwind side. A
cross-section through the core at 13:35 (not shown) veriﬁes that the maximum top was
around 9 km with a substantial region of detrained reﬂectivity at 5-6 km – greatest on the
south side.

Figure 7.56. Cross-section of
the reﬂectivity cells in Figure
7.47, NW (left) to SE (right).
Reﬂectivity shading is the same
as in Figure 7.47

Figure 7.57. CAPPI of reﬂectivity
at 5.25 km MSL and at 13:30 UTC
on 12 Sept 2004. Area is about 25
km x 25 km. Black line shows the
aircraft track from 13:25 to 13:35
(circle is at 13:30).
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Aircraft and radar
Seventeen storm penetrations were made over the course of about 70 min (12:51-13:59),
the last four being in the precipitation shaft below cloud base. Time-series plots from the
13 cloud passes are shown in Figure 7.58. Penetrations were made around the -5° C level,
although they were closer to -3° C after 13:25. Cloud droplet concentrations remained
fairly consistent and high for most of the passes, even though they were about 2 km
above cloud base. Few cloud particles existed before ~13:00, and signiﬁcant precipitation
particles were not detected until after ~13:15.
A short 5-min break from penetrations occurred after 13:08 to deal with wing icing from
the ﬁrst six cloud passes. At 13:01, the cloud base seeding aircraft began ‘treatment’,
which turned out to be a no-seed case for this storm. The best updraft area at cloud base,
at least during treatment from 13:01 to 13:16, was in the northwestern quadrant of the
cell. Photographic evidence a short while later (13:23) conﬁrmed that tops were growing
to 8-9 km, and the cloud mass of the storm appeared to be made up of three or more
turrets. A signiﬁcant amount of cloud bulged outward at around 6 km (500-1000 m higher
than the aircraft).
More detailed time-series plots from the cloud penetration passes shown in Figure 7.57
are given in Figure 7.59. The penetrations were made at 5.0-5.5 km, corresponding to -2
to -5° C with ~2° buoyant excursions in the updraft on the north side (around 13:28:45
and 13:32:00). Peak droplet concentrations remained quite constant at 650-750 cm-3 over
the 10 passes up to this time, although the LWC dropped from peaks slightly greater than
2.0 g m-3 to 1.5 g m-3 or less. An interesting feature that developed on the north side, as
shown in the two passes of Figure 7.59, is the existence of 2DC particles outside of the
LWC region. To the aircraft observer, it appeared as though the particles were falling
from thin to non-existent cloud. Similar particles and concentrations were sampled on the
south side but within cloudy air (referred to in the observer’s notes as ‘debris’ cloud).
A sample of images from the 2DC at around 13:29 (Figure 7.60), just on the edge of
the updraft and LWC region at the north side of cell in the ﬁrst pass of Figures 7.57 and
7.59, demonstrates a wide range of particle types and sizes. At these temperatures and
especially near and in the updraft, the size of the larger rimed graupel particles suggest
either frozen drop embryos or potential recycling of earlier grown particles. There appear
to be some drizzle-like images, along with several artifacts (which render the shadow-or
counts unreliable for comparison with other passes). These larger particles also exist
outside of the LWC region, possibly contributing to the recycling of particles in this and
other cells. Further 2D analysis is required for better determination of the development
of drizzle and the ice phase.
A more detailed examination of the initial period of cloud development before and just
after seeding commenced (penetrations 1-8) is provided in Figures. 7.61 to 7.69 and
is compared with penetrations taken during a seeded case on 10 August 2004 (Section
7.6.1b). Figure 7.61 shows the time history of the ﬁrst eight penetrations with the treatment
time indicated by the orange bar in the middle of the plot. Penetration numbers are listed
above the FSSP cloud droplet concentration trace.
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Figure 7.58. Time series plots on 12 September 2004 from 12:50 to 13:40 of thirteen
penetrations through the case study storm. Top plot is temperature, middle plot is FSSP
concentration, and bottom plot is 2DC shadow-or counts (unedited - includes artifacts).
As shown in Figure 7.61, cloud droplet concentrations at approximately -5o C ranged
from 600 to 800 cm-3 with peak liquid water contents of 1 to 2 g m-3. 2DC concentration
ranged from 10 L-1 prior to treatment (penetrations 1-4) to >1000 L-1 during and after
treatment (penetrations 5-8). A closer look at each penetration is included in Figures 7.627.69. In these ﬁgures, the time series of FSSP concentration, liquid water content and
2DC concentration are annotated to note the new growth turret and more mature portions
of the cells. Particle size distributions (FSSP, 2DC, 2DP) from both regions are provided
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as well as sample imagery from both 2DC and 2DP probes.

Figure 7.59. Time series plots on 12 September 2004 from 13:27 to 13:34 of two penetrations along
the same path (as shown in Figure 7.57). Top plot is temperature (solid) with scale on the left and
hot-wire liquid water content (dashed) with scale on the right. Middle plot is FSSP concentration
and bottom plot is 2DC shadow-or counts (unedited – includes artifacts).
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Figure 7.60. 2DC unedited images (13:28:58 to 13:29:06) on 12 Sept 2004.

Figure 7.61. Time series obtained on 12 September 2004 of FSSP conc (blue), liquid water content
(magenta), 2DC shadow-or (red), and 2DC conc (green). Penetration numbers are shown at the top
of the ﬁgure. Treatment time (13:01-13:16 UTC) is denoted by orange bar between the two plots.
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The radar echo size and peak reﬂectivities remain fairly constant from 12:50 to 13:01
(Figures 7.62-7.65) with peak reﬂectivities varying between 30 and 35 dBZ. This is
consistent with microphysical measurements indicating 2DC concentrations remain
fairly low (<10L-1) at this time. The particle images indicate a few (~0.01 L-1) large
graupel particles (0.6 to 0.8 mm diameter) with most images (~0.1 to 1 L-1) showing
smaller circular particles (presumably drizzle drops) with sizes between 100 and 300 µm
diameter. During this time-period the cloud droplet size distributions as measured by the
FSSP in the new growth parts seem to develop bi-modal spectra by 13:01 (Figure 7.65).
Based on the aircraft measurements from 12:50 to 13:01 several turrets go through
developing and decaying stages with new turrets growing in the same area as the older
decaying turrets. As mentioned earlier, this would provide for an ideal opportunity for the
re-circulation of droplets from the aged cloud into the updrafts of the newly developing
turrets and thus a broadening of the cloud droplet size distribution. This would initiate
the formation of drizzle drops while simultaneously moistening the atmosphere near the
capping layer through evaporation of cloud partcles at cloud top.
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Figure 7.62. Observations obtained on 12 September 2004 during Penetration 1 (before treatment)
at 125000-125300 UTC. Top: composite radar image; Middle left: time series of FSSP concentration
(blue), liquid water content (magenta), 2DC shadow-or (red), and 2DC concentration (green);
Middle right: size distribution observed in “new growth cell (denoted NG on time series); Bottom
left: 2DC (top) and 2DP (bottom) imagery observed in mature growth (denoted by 2D on time
series); Bottom right: size distribution observed in mature growth.
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Figure 7.63. Observations obtained on 12 September 2004 during Penetration 2 (before treatment)
at 125300-125500 UTC, formatted the same as in Figure 7.62.

Until 13:01 the cloud tops remained below 6 km and cloud top temperatures around
0o C. The time histories of the cloud droplet concentrations and cloud liquid water
content between 12:50 and 13:01 indicate that the cloud turrets are generally smaller in
horizontal extent while during the penetrations at 13:01 to 13:03 (Figure 7.66) the region
has approximately doubled in size. At this time the concentration of particles between
100-500 µm diameter has also increased by nearly two orders of magnitude (Figure 7.66
compared to Figures 7.62-7.65).
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Figure 7.64. Observations obtained on 12 September 2004 during Penetration 3 (before treatment)
at 125430-125730 UTC, formatted the same as in Figure 7.62.
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Figure 7.65. Observations obtained on 12 September 2004 during Penetration 4 (before treatment)
at 125900-130100 UTC, formatted the same as in Figure 7.62.
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Figure 7.66. Observations obtained on 12 September 2004 during Penetration 5 (during treatment)
at 130130-130330 UTC, formatted the same as in Figure 7.62.

After 13:01, the cloud top had pushed through the 6 km level and the peak reﬂectivity
increased to 35-40 dBZ (Figure 7.66). From 13:01 to 13:29 the cloud tops increased
in height to approximately 8 km and the horizontal extent of the growing cloud liquid
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water regions remained roughly the same with new smaller turrets feeding into the main
system. The rise of the cloud top could be due to additional buoyancy provided by the
freezing of the drizzle drops. Peak reﬂectivities increased to >40 dBZ (Figures 7.677.69). While the particle images from the 2DC probe (25-800 µm diameter) indicate
that millimeter size particles were already present at 12:50, the sizes and concentrations
remained fairly constant until 13:01. Between 13:01 and 13:15 (Figures 7.66-7.68), the
drizzle concentrations seem to have increased, and by around 13:19 (Figure 7.69), large
graupel partcles (millimeter sizes) were also evident, associated with the increase in peak
reﬂectivities.
Figure 7.67.
Observations
obtained on
12 September
2004 during
Penetration 6
(during treatment)
at 130530-130730
UTC, formateed
the same as in
Figure 7.62.
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Figure 7.68. Observations obtained on 12 September 2004 during Penetration 7 (during treatment)
at 131500-131700 UTC, formatted the same as in Figure 7.62.

Summary
Since no seeding occurred in these storms, the question remains whether a seeding
technique designed to increase drizzle formation would have helped the precipitation
process in the storms, or helped to increase particles in the initial storms, or had no effect
since the process might have already been efﬁcient.
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Figure 7.69. Observations obtained on 12 September 2004 during Penetration 8 (after treatment) at
131915-132115 UTC, formatted the same as in Figure 7.62.

The storms that formed on 12 September 2004 and described here are fairly typical of
storm conditions over the Oman Mountains in the summer. A ubiquitous subsidence
inversion often suppresses convection. A weakening of the inversion, coupled with other
factors such as low-level moisture or circulations creating convergence zones, leads to
cycling of convective clouds and storms and often to the formation of precipitation.
The radar data on 12 September show that earlier convection likely pre-conditioned the
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region with mid-level moisture, drizzle formation and ice particles. Subsequent cells and
storms developed signiﬁcant precipitation as they grew above 6 km (around -5° C). This
is consistent with the concept that recycling particles into the same and adjacent turrets is
an important process in precipitation development.
The initial ﬁrst echo height on this day around 4.5 to 5 km indicates that the ﬁrst echo
was most probably produced by drizzle size drops and a few ice particles that grew into
graupel particles as the initial turrets brieﬂy penetrated above the 0o C level. The drizzle
size drops were probably produced by re-circulation of particles (either cloud droplets or
melted ice particles). This in effect provides for a natural seeding process that ultimately
destabilized the air near cloud top and helped the cloud tops rise to higher altitudes.
Because larger cloud droplets are already present, hygroscopic seeding may not be
effective in these circumstances.
Other studies have shown similar results, both for primary ice initiation and development
as well as for processes involving melted recycled particles (e.g., Dye et al., 1983; Willis
et al., 1994). These studies and others have also documented the rapid development of
precipitation (high reﬂectivity growth rates), which are often related to the mechanism of
particle recycling.
In contrast, on days with more low-level moisture and warmer cloud bases, such as the
10 July 2004 case, convection can easily penetrate past the stable layer and convection
is more vigorous. In addition, as mentioned earlier, the ﬁrst echo on this day developed
between 6.0 and 7.5 km (-10o to -15o C), which indicates that primary ice formation and
subsequent graupel formation is probably responsible for these ﬁrst echoes. This is more
typical of clouds with continental-type cloud droplet spectra, and hygroscopic cloud
seeding should be more effective in such conditions.
7.6.1b

Case Study: 10 August 2004 (Seed Case)

Coordinated measurements were obtained during a randomized case (seeded treatment)
of a cloud on 10 August 2004. The 12Z sounding from Abu Dhabi is plotted in Figure
7.70 while the Muscat sounding is displayed in Figure 7.71. They demonstrate similar
structures to the 12 September case, with a dry, stable layer between 450 and 550 hPa.
Cloud base was approximately 3.4 km (+11o C), nearly the same level as for the 12
September case, with convective turrets co-located with the highest terrain, and a large
detrained region at approximately 4-5 km. This detrained region is clearly evident in
Figure 7.72 and 7.73. The stable layer again surpressed development of clouds initially
with tops less than 6 km. Initial ﬁrst echoes were again between 4.5 and 5 km around the
0o C level. After an initial period of suppression, the cloud tops grew to between 8 and 10
km (Figure 7.72) by about 10:26 UTC.
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Figure 7.70. Abu Dhabi sounding (skewT-logP) at 12Z on 10 August 2004. Cloud base was at
~670 hPa. (data from http://weather.uwyo.edu/upperair/sounding.html).

Figure 7.71. Muscat sounding (skewT-logP) at 00Z on 10 August 2004. Cloud base was at ~670
hPa. (data from http://weather.uwyo.edu/upperair/sounding.html).
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Figure 7.72. Cross-section along ﬂight path (west to east) through storm at 10:46 UTC.

Figure 7.73. Picture of the cell taken from Research 1 looking south.
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The aircraft conducted seven penetrations between 10:18 and 10:48 while seeding was
conducted from 10:27 to 10:41 (Figure 7.74).

Figure 7.74. Time series of altitude (top-red), temperature (top-blue), FSSP concentrations (blue),
liquid water content (magenta), 2DC shadow-or (red), and 2DC conc (green). Penetration numbers
are shown at top of ﬁgure. Treatment time is denoted by orange bar between two plots.
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Between 10:18 and 10:27, the aircraft penetrated primarily newly growing turrets on the
upwind side of an existing radar echo (Figure 7.74). These penetrations were conducted
in echo free regions. The turrets were adjacent to and feeding into the main echo region
to the southwest. The microphysical measurements during this initial period (Figures
7.75-7.77) exhibited similar characteristics to the initial pentrations on 12 September.
Peak cloud droplet concentrations were around 600 cm-3 and peak liquid water contents
ranged from 1 to 2 g m-3. Around 10:25, graupel particles were evident, seemingly coexisting with drizzle drops (Figure 7.77), similar to the measurements on 12 September
but in lower concentrations. At this time a radar echo of about 30 dBZ developed in the
area where the aircraft was conducting penetrations.
These radar echoes subsequently merged together with the larger cloud echo mass to the
southwest (Figure 7.78). Due to stronger east-northeasterly winds at the inversion level
on this day, the clouds tilted to the southwest (Figures 7.75 and 7.81).

No 2D imagery

No 2D size distribution

Figure 7.75. Observations obtained on 10 August 2004 during Penetration 1 (before treatment) at
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101830-102030 UTC. Top: composite radar image; Middle left: time series of FSSP concentration
(blue), liquid water content (magenta), 2DC shadow-or (red), and 2DC concentration (green);
Middle right: size distribution observed in “new growth cell (denoted NG on time series); Bottom
left: 2DC (top) and 2DP (bottom) imagery observed in mature growth (denoted by 2D on time
series); Bottom right: size distribution observed in mature growth. [Bottom plots not shown on this
ﬁgure – no 2D data.]

Until 10:30, the precipitation formation process on this day seems to be very similar to the
12 September case with generally low concentrations of medium size graupel particles
(400-800 µm diameter) co-exiting with what seems like drizzle drops or plate-like ice
crystals (Figure 7.77). Although the 2DC images also indicate the possible existence of
columnar ice crystals, they do not seem to dominate at this time. Larger graupel particles
became evident around 10:30 (Figure 7.78) and cloud tops and peak reﬂectivities also
increased to about 8 km and 45-50 dBZ respectively.

No 2D imagery

No 2D size distribution

Figure 7.76. Observations obtained on 10 August 2004 during Penetration 2 (before
treatment) at 102145-102345 UTC, formatted the same as in Figure 7.75.
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Indications of an active ice multiplication process became evident after 10:30 with the 2DC
images showing numerous columnar ice crystals (Figure 7.79). During all the subsequent
penetrations evidence of an active ice multiplication process was observed (Figures 7.807.81). The particle concentrations measured by the 2DC probe also increased substantially
during this period.
While seeding with hygroscopic ﬂares was conducted from 10:27 to 10:41, the ﬁrst
indications of active ice multiplication process occurred around 10:36, approximately 9
min after seeding started. This process was identiﬁed in the seeding conceptual model
to be a potential result of seeding, because seeding would broaden the cloud droplet
spectrum, enhance drizzle formation, and subsequently lead to large drop freezing. Both
large graupel and a broad cloud droplet spectrum are requirements for initiating an ice
multiplication process (Hallet and Mossop, 1974). According to the modeling studies
(Figures 7.8 and 7.9), nine minutes would be a sufﬁcient time period for observing the
effects from seeding. Based on these results, the existence of an ice multiplication process
could be a seeding signature, especially if it is compared to the lack of an active ice
multiplication process in the 12 September case (Section 7.6.1a).
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Figure 7.77. Observations obtained on 10 August 2004 during Penetration 3 (before treatment) at
102500-102700 UTC, formatted the same as in Figure 7.75.

However, most of the criteria for an ice multiplication process were also satisﬁed in the
12 September case. It is therefore unclear why this process was not observed in the 12
September case. Further analyses will be needed to investigate why the ice multiplication
process did not occur on 12 September and why it did in the current case.
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Figure 7.78. Observations obtained on 10 August 2004 during Penetration 4 (during treatment) at
102900-103200 UTC, formateed the same as in Figure 7.75.

Summary
The major differences between the 12 September case and the 10 August case were
wind shear and stronger winds at the inversion level on 10 August. In addition, peak
reﬂectivities were substantially higher (5 to 10 dB) on 10 August than on 12 September,
resulting in higher amounts of radar-derived rainfall from the clouds on 10 August.
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Figure 7.79. Observations obtained on 10 August 2004 during Penetration 5 (during treatment) at
103400-103900 UTC, formatted the same as in Figure 7.75.

Microphysically, the clouds on both 12 September and 10 August seem to indicate a similar
evolution of precipitation development during the initial period. The ﬁrst echoes on both
days occurred at approximately the same level, possibly indicating similar processes for
the ﬁrst echo development. The aircraft measurements during the initial penetrations on
both days also showed very similar characteristics.
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Figure 7.80. Observations obtained on 10 August 2004 during Penetration 6 (during treatment) at
104030-104330 UTC, formatted the same as in Figure 7.75.

On 10 August, the greater vertical wind shear resulted in the clouds tilting substantially
towards the west-southwest, possibly separating the updraft region from the rainout
(downdraft) region. In addition, peak reﬂectivities were also substantial higher on 10
August. There were weak indications of an ice multiplication process occurring on 12
September, but they were much more pronounced on 10 August.
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Figure 7.81. Observations obtained on 10 August 2004 during Penetration 7 (after treatment) at
104400-104800 UTC, formatted the same as in Figure 7.75.

The question remains if the pronounced ice multiplication process on 10 August was due
to seeding or would it also have occurred naturally. It is therefore pre-mature to solely
attribute the ice multiplication process to a seeding response at this time.
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7.6.1c

Examples of Ice Multiplication in Natural Clouds

In order to determine if the Hallet-Mossop ice multiplication process is also active in
natural clouds in the UAE, several cases during 2004 were investigated when no seeding
occurred. These cases were not part of the randomized experiment. In two of the cases
(23 July 2004 and 9 August 2004), the measurements show the existence of an active ice
multiplication process (Figures 7.82 and 7.83).

Figure 7.82. Data taken during a ﬂight on 23 July 2004 at the -5° C level. Top: time series of FSSP
concentration (blue) and liquid water content (magenta). Middle: 2DC shadow-or (red) and 2DC
concentration (green), Bottom: 2DC imagery observed in mature growth.
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Figure 7.83. Data taken during a ﬂight on 9 August 2004 at the -5° C level. Top: time series of
FSSP concentration (blue) and liquid water content (magenta). Middle: 2DC shadow-or (red) and
2DC concentration (green), Bottom: 2DC imagery observed in mature growth.

On 23 July 2004, a line of radar echoes developed southeast of Al Ain over the Oman
Mountains and extended for about a 150 km into Oman. The penetration on this day was
conducted at approximately the -5o C level and cloud tops were between 8 and 9 km at the
time of the penetration. The Abu Dhabi 12UTC and Muscat 00UTC soundings for this
day are shown in Figure 7.84. The stable/inversion level with dry air above is again very
pronounced in both soundings. Clouds were initially capped at the inversion level and a
detrainment region was clearly evident from visual observations.
The cloud base for the cloud that was penetrated was at ~3.8 km (~10o C). Flight
scientist ﬂight logs reported large graupel and/or possibly small hail. Penetrations were
discontinued after this time for safety reasons.
444

Figure 7.84. Abu Dhabi 12 Z and Muscat 00Z soundings (skewT-logP) on 23 July 2004. Cloud
base was at ~650 hPa. (data from http://weather.uwyo.edu/upperair/).

The radar composite reﬂectivity and a vertical cross-section at the time of penetration are
shown in Figure 7.85. The cloud tops were between 6 and 8 km and peak reﬂectivities
around 45 dBZ. The general characteristics of the atmosphere and clouds were again
very similar to those observed on 12 September and 10 August (described in the previous
sections).

Figure 7.85. CAPPI and cross-section of storm penetrated at 5 km MSL on 23 July 2004. Crosssection was taken north-east to south-west along white dashed line depicted on CAPPI.

On 9 August (a day prior to the seeded case described in section 7.6.1b), a similar type
of cloud was penetrated, again at the -5o C level. The measurements again provide
evidence of an active ice multiplication process, clearly visible in the 2D imagery (Figure
7.83, similar to the 10 August case in Figure 7.80). The thermodynamic structure of the
atmosphere (Figure 7.86) was also very similar to that on 10 August.
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Figure 7.86. Abu Dhabi 12 Z and Muscat 00Z soundings (skewT-logP) on 9 Aug 2004. Cloud base
was at ~660 hPa. (data from http://weather.uwyo.edu/upperair/)

Figure 7.87. CAPPI and cross-section of storm penetrated at 6 km on 9 Aug 2004. Cross-section
was taken north-west to south-east along white dashed line depicted on CAPPI.

Cloud base on this day was ~3.7 km (~11o C). Flight scientist ﬂight logs indicate a fair
amount of debris cloud in the region of penetration with reports of large graupel shortly
after that. Several more penetrations were performed before the cell began to decay at
12:00. Most of these penetrations showed similar microphysical characteristics.
The radar composite reﬂectivity and a vertical cross-section at the time of penetration
are shown in Figure 7.87. The cloud tops were again between 6 and 8 km and peak
reﬂectivities around 45 dBZ. Again this case is very similar to the previous cases. A
consisitent picture is emerging from these observations indicating the importance of the
thermodynamic structure of the atmosphere governing and determining microphysical
processes of precipitation formation in the clouds.
7.7
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Discussion

The principle of hygroscopic seeding enhancing the coalescence process via hygroscopic
seeding is dependent on three important parameters: the chemistry (hygroscopicity),
size, and concentrations of the particles (CCN) produced from the ﬂares or large particle
salt seeding. The principle of ﬂare seeding is to have the ﬂares produce effective CCN
(usually salts such as sodium chloride, potassium chloride, or calcium chloride) particles
in larger sizes (large or giant nuclei; 0.8 to 6 µm diameter) than occur in the natural
environment. The assumption is that convective clouds growing in continental regions
with high droplet concentrations consisting of small cloud droplets are inefﬁcient in
activating a coalescence rain formation process, and that the introduction of large CCN
will form larger droplets and activate the coalescence process of warm rain formation.
In addition, to be able to spread this seeding effect throughout the cloud, the formation
of drizzle drops has to precede the formation of rain drops because they can mix more
effectively through larger parts of the cloud. For drizzle drop to form, it was found that
CCN particles in the size range 0.8 to 6 µm diameter were most optimal.
Subsequent experiments were performed to optimize the aerosol and CCN characteristics
of the hygroscopic ﬂares to ﬁt the above mentioned size ranges. Based on numerous
tests with different formulations of ﬂares, a new ﬂare was developed that produced
larger particles than the original South African ﬂare used in the South Africa and Mexico
randomized experiments. Modeling studies have shown that larger particles are more
effective. This new ﬂare was used during the experimentation in the UAE (Section 7.3).
Initial seeding experiments were attempted on 9-15 days during the two winter seasons
in 2001 and 2002, as revealed in the Table 7.1. Many of these were highly exploratory,
having been conducted in conditions generally considered poor for hygroscopic seeding
(e.g., cold cloud bases, stratiform clouds, weak or short-lived clouds). By comparing the
number of seeding cases to those that were actually amenable to seeding, it is obvious
that realistic seeding opportunities exist on only a few days in the winter, typically late
in the winter.
In the summer, a high percentage of the experimental seeding cases were actually suitable
for seeding. Convective clouds with sufﬁciently warm bases, narrow droplet distributions,
and cold cloud tops occur regularly during this season. The summaries and case studies
support these generalizations. In order to conduct an evaluation of cloud seeding using a
randomized experimental design, a large number of samples are needed. Radar statistics
suggest that summer convection occurs frequently enough to produce enough candidate
storms for statistical analysis in a 2-3 year program of randomized seeding. This assumed
that such a program would include neighboring Oman. It became clear that the summer
season presented the best and most opportunities for seeding.
A signiﬁcant part of the 2001-2002 study involved ﬁeldwork – the intensive collection
of observations (airborne and surface) during four ﬁeld project periods (winter and
summer of 2001 and 2002). Microphysical observations of cloud droplets and aerosols
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showed continental microphysical cloud conditions in both the UAE and Oman during
the summer. More varying conditions existed during the winter, mostly due to weaker
cloud conditions (higher clouds and lower updraft speeds). During the 2001 and 2002
winter seasons, radar summaries showed that no hydrologically signiﬁcant rainfall events
occurred over the UAE. For the 2001 and 2002 summer seasons, radar studies showed
that the vast majority of convective storms occurred over the Oman Mountains, southeast
of Al Ain and northward, although they were relatively short-lived. The short lifetimes
of the thunderstorms act to minimize the window of opportunity for cloud seeding to
enhance rainfall, emphasizing the need for accurate prediction of these situations in
planning seeding operations.
Based on the numerous cloud investigations in the UAE, seeding trials, and radar
data analyses, it was concluded that winter clouds rarely produce conditions that are
sufﬁciently convective with warm cloud bases and identiﬁable updrafts to effectively
seed with hygroscopic ﬂares. However, during the summer, suitable convective clouds
developed on about a third of the days, and treating 3-4 storms on each of these days
seemed reasonable. It was conceivable that a randomized seeding experiment, targeting
the mountains in particular, could yield results in two to three years.
The 2001 and 2002 results mostly answered the two fundamental questions on the
feasibility of hygroscopic seeding and thus supported proceeding with Phase II of the
Rainfall Enhancement Assessment Program during the summer months in the UAE. This
involved designing and implementing a randomized hygroscopic cloud seeding experiment
(see appendix A for Experimental Plan) during the summer season to statistically quantify
the potential for cloud seeding to enhance rainfall, speciﬁcally over the UAE and Oman
Mountains. It was anticipated that the randomized seeding experiment would require at
least two years to treat a sufﬁcient number of cases (~266), and required close collaboration
with Oman in operating the seeding experiment seamlessly across their border. It was
also recommended that any future cloud seeding experiment operations be based in Al
Ain to ensure better response to cloud development and more effective cloud seeding
operations.
Based on the physical chain of events in the development of precipitation in seeded
and unseeded clouds, a seeding conceptual model and hypothesis was developed and
used for designing the statistical analyses and ﬂight patterns for the concurrent aircraft
microphysical measurements.
Note that the seeding conceptual model primarily incorporated the microphysical aspects
of the seeded and natural clouds. Based on the previous randomized seeding experimental
results in South Africa and Mexico, additional dynamic effects in terms of enhanced
cloud growth due to possible modiﬁcation of the updraft/downdraft structures and the
development of progeny clouds had to be invoked to explain the statistical results.
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A total of 134 cases were treated over the two summer seasons, of which 96 met the
analysis criteria established in the Experimental Design. Of the 59 randomized seeding
cases selected in 2003, forty-one met the analysis criteria. Eighteen cases did not qualify
for four reasons: 1) thirteen never developed a Titan track (i.e., thresholds of 30 dBZ in
reﬂectivity and 9 km3 in volume size); 2) three were tracked for only one volume scan
(two volume scans are necessary for an integration to yield rain mass); 3) one was outside
the coverage area (more than 140 km away from the radar); and 4) one track was treated
twice (although more than one hour apart) and could only be counted once. Of the 75
randomized seeding cases in 2004, ﬁfty-ﬁve met the analysis criteria. Twenty cases did
not qualify for three reasons: 1) ten never developed a Titan track (i.e., thresholds of 30
dBZ in reﬂectivity and 9 km3 in volume size); 2) one formed too close (within 20 km) to
a previous case; and 3) nine were treated twice or more (i.e., the same track, including
mergers and splits, was treated more the once).
The statistical analyses results of the randomized experiment can be summarized as
follows:
• There is no signiﬁcance difference in the primary response variable, total rain
mass, between seeded and unseeded storms.
• The duration of seeded storms were less than unseeded storms (~50 min
compared to ~65 min), which in turn were longer than the 2001-2002 sample
from the Al Dhafra radar (~40 min).
• While the storms were treated consistently (judging from similar distributions of
time differences between start of track and decision time) between seeded and
unseeded cases, the typical difference of +20-30 min is considerably late in the
lifetime of an ideal case. For example, about 25% of the cases were treated more
than 40 minutes after the start time of the track. This indicates that storms were
treated quite late in their lifetime and non-optimally for hygroscopic seeding.
• There were no clear biases between seeded and unseeded cases at the time of
treatment, but storm volumes were already substantial and relatively near their
maximum at decision time. This reﬂects the lateness of treatment in the storm
cycle mentioned above.
The late treatment of storms occurred for a number of reasons. Some were logistical
– late project starts without adequate pilot training, not being close to the storms, relying
on developing radar reﬂectivity for guidance, close spacing of the storms, etc. However,
the nature of the storms probably contributed more to this result. It was known that
the storms were generally short-lived, and hence had a short window of opportunity.
Additionally, with a capping inversion, cloud base updrafts were somewhat inconsistent,
with ﬂuctuating areas of weak and strong updrafts, making it difﬁcult to ﬁnd and decide
on seeding opportunities. Weak wind shear also contributed to the tendency for rain to
fall through updrafts, both making seeding difﬁcult and shortening the updraft lifetime.
All these factors complicated the conceptual cloud base seeding scenario and contributed
to the result of treating storms after their optimal stage of development.
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It is generally accepted that scientiﬁc understanding of the physical processes affected by
seeding is needed to reinforce the statistical results before such results can be fully accepted.
Because two aircraft were available for the seeding program, with one instrumented
to conduct cloud microphysical measurements, it provided a unique opportunity to
validate certain parts of the conceptual model. Concurrent physical measurements with
the randomized experiment (conducted over the duration of the experiment) provided
new insights in the physical processes of precipitation that developed in summertime
convective clouds over the UAE that helped interpret the statistical results.
The storms that formed on 23 July 2004, 9 August 2004, 10 August 2004 and 12 September
2004, and described in the previous sections, are fairly typical of storm conditions over the
Oman Mountains in the summer. The 10 July 2004, with higher ﬁrst echo development,
seemed to be the exception. The cases are characterized by a ubiquitous subsidence
inversion that often suppresses the convection. A weakening of the inversion, coupled
with other factors such as low-level moisture or circulations that create convergence zones,
leads to cycling of convective clouds and multi-cellular storms and often to the formation
of precipitation. The radar data showed that earlier convection likely pre-conditioned the
region with mid-level moisture, drizzle formation, and ice particles. Subsequent cells and
storms developed signiﬁcant precipitation as they grew above 6 km (around -5° C). This
is consistent with the concept that recycling particles into the same and adjacent turrets is
an important process in precipitation development.
The initial ﬁrst echo heights around 4.5 to 5 km MSL indicate that the ﬁrst echo was
most probably produced by drizzle-size drops and a few ice particles that grew into
graupel particles as the initial turrets brieﬂy penetrated above the 0o C level. Surface
humidity and atmospheric thermodynamic stability structure govern cloud dynamical and
microphysical processes, which in turn determine the height of radar ﬁrst echoes. The
drizzle-size drops were probably produced by re-circulation of particles (either cloud
droplets or melted ice particles). This in effect provides for a “natural seeding process”
that ultimately destabilized the air near cloud top and helped the cloud tops rise to higer
altitudes. Because larger cloud roplets are already present, hygroscopic seeding would
probably not be effective in these circumstances.
In contrast, on days with more low-level moisture and warmer cloud bases, such as the
10 July 2004 case, convection can easily penetrate past the stable layer and convection
is more vigorous. In addition, as mentioned earlier, the ﬁrst echo on this day developed
between 6.0 to 7.5 km (-10 to -15o C), which is indicates that primary ice formation
and subsequent graupel formation is probably responsible for these ﬁrst echoes. This
is generally what one would expect given a continental-type cloud droplet spectrum.
Hygroscopic cloud seeding should be more effective on such days.
Some other differences between the 12 September case and the 10 August case indicated
that stronger wind shear and stronger winds at the inversion level affects the peak
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reﬂectivities and therefore precipitation formation. Microphysically, the clouds on
both 12 September and 10 August seem to indicate a similar evolution of precipitation
development during the initial period. The ﬁrst echoes on both days occurred at
approximately the same level, possibly indicating similar processes for the ﬁrst echo
occurrence. The aircraft measurements during the initial penetrations on both days also
showed similar characteristics.
The question remains if the pronounced ice multiplication process on 10 August was
due to seeding or would if it would have occurred naturally. It is therefore pre-mature to
solely attribute the ice multiplication process to a seeding response at this time. In order
to address this question and to determine if the Hallet-Mossop ice multiplication process
is also active in natural clouds in the UAE, several cases during 2004 were investigated
when no seeding occurred. In two of these cases (23 July 2004 and 9 August 2004), the
measurements also showed the existence of an active ice multiplication process.
The existence of an ice multiplication process indicates that droplets larger than 20 µm in
diameter together with large millimeter size graupel were present. These results suggest
that although cloud droplet concentrations exhibited continental-type characteristics,
somehow larger droplets are able to form. When the cloud top penetrates regions colder
than -5o C, graupel forms and an ice multiplication process is initiated.
The results from the concurrent aircraft measurements highlighted that there are natural
processes that may be responsible for the development of large drops in clouds in the
UAE. They are:
1. Re-circulation of cloud particles either from melted ice particles and/or
broadening of the cloud droplet spectrum due to inhomogeneous mixing and
re-circulation of cloud droplets, and
2. Large and Ultra-giant CCN (dust particles coated with sulphates and/or
aggregated with salt particles).
These processes seem to provide for a “natural” seeding process that would minimize the
effect of hygrscopic seeding to the point of no effect at all, based on previous modeling
studies (e.g., Cooper et al., 1997). At this moment, it is not clear how often and why these
processes occur in natural clouds and future studies will have to focus on when, why and
how often these processes occur in natural convective clouds over the Oman Mountains.
However, when these processes occur, seeding could be assumed to be ineffective, which
also seems to conﬁrm the results of the randomized experiment.
These results raise the questions of how one would be able to detect and predict these
situations in which a “natural seeding process” was occurring and what tools could be
used to identify these processes on a real-time basis. The answer to the question is not
easy. Better measurement of the thermosdynamic structure over the mountains would
certainly be helpful. The Abu Dhabi and Muscat soundings are along the coast and do
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not necessarily provide an accurate representation of the thermodynamic structure over
the mountains where the clouds generally develop. A combination of a wind-proﬁler
– radiometer station in the mountainous region would provide valuable information in
this respect in both identifying speciﬁc structures and providing input for predictions.
In addition, and even more important, could be the use of a detailed polarimetric radar.
Certainly the UAE studies re-emphasize the potential that detailed polarimetric radar
information could have in delineating the precipitation processes over a wide range
of conditions and a large sample of storms. These data could then be assimilated into
numerical meso-scale and cloud-scale models to be able to predict precipitation processes
in clouds.
In conclusion, it is clear that a conceptual model solely bases on microphysical aspects
of the clouds is incomplete. It neglects the dynamic processes that strongly govern the
microphysical processes, and depending on these dynamic and thermodynamic conditions,
can change microphysical processes in clouds from one extreme to the other. The results
also emphasize the importance of concurrent physical measurements in conjunction
with the statistical experiment in interpreting the statistical results and increasing our
understanding of both natural and seeded microphysical and dynamical processes in
clouds. These results have highlighted some of the limitations of the UAE and many
other weather modiﬁcation programs around the world, both in terms of execution and
evaluation. Most programs depend on conventional radar evaluations, often without the
support of any physical measurements. Conventional radar is limited in its ability to
deduce physical processes of precipitation formation in clouds. However, other tools,
such as improved or new remote sensors (satellite, multiparameter radar, windproﬁler,
microwave radiometer) and numerical modeling capabilities on the meso- and cloud-scale,
are now available to address some many of the issues (microphysical and dynamical).
Finally, it is essential that cloud seeding conceptual models should include dynamical
as well as microphysical processes and that seeding conceptual models solely based on
microphysical processes are incomplete in many situations, such as the UAE case.

(Footnotes)

The center of the box is the median. The notch in the box represents an approximate 95%
conﬁdence interval for the median. The top and bottom of the box represent the 75th and 25th
percentiles, respectively. The capped whiskers extend to the most extreme values (i.e. maximum
and minimum) that are not considered outliers. Outliers are represented by lines either above or
below the whiskers.
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Section 8

HYDROLOGICAL
STUDIES

Hydrological Studies
8.1

POTENTIAL BENEFITING SECTORS OF A RAINFALL ENHANCEMENT
PROGRAM

An important issue in any rainfall enhancement program is the determination of the
potential beneﬁting sectors. These would include direct beneﬁts to rain fed agriculture,
the forestry sector, and possible social and ecosystem service beneﬁts, with irrigated
agriculture and municipal and industrial (M&I) water users being secondary beneﬁting
sectors. In the UAE there is little to no surface water, which forces agriculture to be solely
sustained by supplemental irrigation through groundwater withdrawals or desalinated
water. An exception is the historic Falaja’s, which are man-made ‘springs’ that take
advantage of local topography and groundwater gradients to transport water to end-user
points via underground viaducts. Therefore, if rainfall enhancement is shown to be viable
in the UAE, it would likely beneﬁt only the secondary sectors (irrigated agriculture and
M&I water supplies) through enhanced groundwater recharge.
Groundwater for irrigated agriculture and M&I uses in the UAE are derived from two
primary sources. The ﬁrst are mined groundwater deposits developed thousands of years
ago during a different regional climate regime. These deep groundwater sources are
scattered throughout the UAE including near and around the Oman Mountains and in
the desert plain regions to the west. Obviously rainfall enhancement would have no nearterm beneﬁt on these resources, as surface recharge to these deep aquifers is practically
non-existent. The second groundwater sources are more recent supplies derived from
near-surface alluvial aquifers that extend westward from near the Oman Mountains into
the eastern deserts of the UAE. These are the renewable groundwater supplies that are
primarily derived from poorly consolidated Quaternary piedmont deposits and underlying
clastic rocks of Miocene to Pleistocene age (Woodward and Menges, 1992). The response
time of these alluvial aquifers to current recharge events are weeks to months. For this
reason, they may potentially yield the greatest beneﬁt from rainfall enhancement.
Speciﬁc studies and analyses related to the rainfall enhancement ﬁeld experiments
that were conducted in 2001 and 2002 are described in previous sections. The primary
purpose of the hydrological studies is to establish, based on historical data and current
observations, the relationships between rainfall and wadi ﬂow, rainfall and impoundment
level, rainfall and groundwater levels, and all the interrelationships. Understanding these
relationships is important for determining the impact of rainfall increases due to cloud
seeding on these parameters. A methodology must be established by which appropriate
techniques for recharge assessment can be made to assist the DWRS in proposing a longterm project that could better deﬁne recharge rates, aquifer sustainability, and other water
resource issues.
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8.2

PRIORITY REGIONS AND GROUNDWATER CHARACTERISTICS

In recent years, water resource research institutes in the UAE (primarily the Groundwater
Research Program of the National Drilling Company and the U.S. Geological Survey
- referred to as GWRP) have given priority to understanding the geological structure,
lithological character and recharging conditions that would help establish the long-term
sustainability of the well-known and most proliﬁc of the near-surface alluvial aquifers.
Figure 8.1 locates the primary wadi boundaries that contribute to ground water recharge in
the eastern UAE. Clearly, the major near-surface unconﬁned aquifers that receive recharge
from precipitation in a time frame compatible with rainfall enhancement activities are
those near the Oman Mountains. West of the Oman Mountains, in the dry, dune plains of
the UAE, there is no signiﬁcant surface recharge from rainfall to groundwater reservoirs
of any useful signiﬁcance, with the possible exception of perched aquifers which receive
some recharge, but are small in extent. Thus, from a practical perspective, a long-term
rainfall enhancement program would have to strategically target the Oman Mountain
region to derive any groundwater recharge beneﬁt within a timeframe consistent with the
discounted costs of rainfall enhancement.
8.2.1

Groundwater Recharge

Groundwater recharge is the replenishment of an aquifer with water from the land
surface. It is usually expressed as an average rate of millimeters of water per year,
similar to precipitation. Thus, the volume of recharge is the rate times the land area under
consideration, and is typically expressed in millions of cubic meters per year. The quantity
of recharge to an aquifer has been considered equivalent to the “safe yield” or quantity
of water that could be removed from an aquifer on a sustainable basis. It is believed that
the “sustainable yield” of an aquifer is almost always appreciably less than recharge. This
is because sustainable yield must also allow for adequate provision of water to sustain
Falaj’s, oasis, and groundwater-dependent ecosystems. Nevertheless, a sustainable
yield ﬁgure is derived from a recharge determination, and any sustainable yield study
will usually involve the determination of recharge as a necessary ﬁrst step. However,
recharge is not well understood, so it is difﬁcult to estimate aquifer sustainability unless
the recharge-related processes are carefully studied. Since the majority of renewable
freshwater resources are derived from the Oman Mountains, cooperation between the
UAE and Oman will be necessary.
There are two fundamentally different rainfall mechanisms that lead to groundwater
recharge. The majority of recharge most likely occurs during winter frontal rainfall
episodes on the synoptic scale. However, hygroscopic seeding is amenable to convective
and not synoptic weather systems, so the focus of enhancement analysis has focused on
the summer convective season. Some summer convective rainfall likely leads to recharge,
but on a smaller scale in terms of both volume and lateral extent when compared to
winter recharging events. Early evidence from the rainfall and cloud physics experiments
conducted during the summer of 2001 and 2002 suggests that the southeastern region of
455

the Oman Mountains, a region east to southeast of Al Ain, seems to be a
triggering point for signiﬁcant convective rainfall events. There appears to
be a preference for convective storms to form over this region and migrate
west to northwest across the Oman Mountains and onto the desert plains.
Convective storms that formed over the Oman Mountains to the north of
Al Ain tended to be smaller and shorter lived.
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period, the region was climatically ‘wet’ with a number of perennially ﬂowing surface
wadis. The contributions from this paleo rainfall and paleo wadi ﬂow likely played a
major role in creating secondary permeability, ﬂushing out soluble matter from the soil
matrix, which allows for a relative increase in groundwater storage in certain locations
west of the Oman Mountains. In general, present groundwater sources in this area are a
combination of paleo and present day groundwater storages.
The eastern aquifers of the UAE are both shallow-alluvial and deeper conﬁned
hydrogeological units that are signiﬁcantly controlled by subterranean geologic structures,
and varying paleo groundwater traps that are also controlled by structures and topography
(Bright and Silva, 1998). The shallow-alluvial aquifers are those that are most rapidly
charged by precipitation events. These aquifers occur within three different hydrogeological regimes, two of which are localized and restricted to the region close to the
Oman Mountains and a third that extends to the west coast of the Abu Dhabi Emirate.
These structures are multi-layered with varying permeability, but all three structural units
are being recharged by the underﬂow from the Oman Mountains (wadi interﬂow) and
surface running wadi ﬂow that occurs during more intense precipitation events.
Although difﬁcult to estimate, it is likely that groundwater reservoirs in this region are
ﬁlled with both trapped paleo water and reservoirs connected to present recharge regimes.
The subterranean geologic state is complex, and the laterally extending near-surface
groundwater systems are channelized with varying degrees of permeability, transmissivity,
and aquifer thickness, making their overall yield difﬁcult to estimate. The channelization
depends on primary and secondary permeability contrasts caused by the original rock
characteristics and groundwater related process, respectively. These aquifers receive
present day recharge via underﬂow from the Oman Mountains, inﬁltration from surface
wadi or gap ﬂow during periods of more intense rainfall, direct surface recharge from
rainfall (likely to be insigniﬁcant), and in some locations, agricultural return (see simple
schematic in Figure 8.2). Understanding the relationship between the rainfall amount
and intensity, the surface hydrologic response, and aquifer recharge is of fundamental
importance.
Conﬁned groundwater elements occur where deep-lying permeable layers are
hydraulically connected to the shallow aquifer. In certain areas, there are permeable
bands that extend from deep conﬁned aquifers to shallow alluvial aquifers. Different
hydrogeological conditions are apparent for certain aquifer structures, as some developed
from paleo activities, while others are being modiﬁed by present day climatic conditions.
Near-surface aquifers near the outﬂow gaps of the Oman Mountains (exit aquifers) are
effectively recharged by the direct fall and paleo wadis that run over the surface during
periods of high rainfall. These structures have large surface areas, with exposed areas of
high permeability that allow for the collection of water and its penetration to the deeper
groundwater through fracture systems. The well-known Jabal Haﬁt Mountain, near Al
Ain, falls under this category.
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Figure 8.2. Simpliﬁed schematic of recharge mechanisms of near-surface alluvial aquifers in and
west of the Oman Mountains. Recharge occurs as transmission losses along the wadi beds, as deep
ﬂow from the Oman mountains due to inter-wadi ﬂow, and as direct percolation of rainfall from
the dune area.

Most renewable groundwater supplies for the Abu Dhabi Emirate are pumped from the
poorly consolidated Quaternary piedmont deposits and underlying clastic rocks of Miocene
to Pleistocene age (Woodward and Menges, 1992). These are the primary alluvial aquifer
structures, whose main recharge mechanism is channel losses during times of signiﬁcant
surface ﬂow, with secondary recharge from upland/inter-wadi recharge. (This is recharge
from the mountains via vertical movement of soil water in the unsaturated zone, and
the subsequent deep, horizontal transport from the mountains to the eastern plains - see
Figure 8.2). In areas of sparse vegetation and high inﬁltration capacities, several percent
of mean precipitation may become groundwater recharge, but high-magnitude storms
with return periods of perhaps 10 years or more may be necessary to initiate upland
recharge (Osterkamp et al., 1995)!
8.3

HYDROGEOLOGIC ANALYSIS

To understand groundwater recharge and wadi response to rainfall, several wadis have
been selected for hydrogeologic and water resourceanalysis. These wadis’s have been
studied by other research institutes because of their signiﬁcance as water resource assets,
and thus have observational records in terms of both meteorology and hydrogeology. This
assessment investigates hypotheses about recharge mechanisms using both observational
and hydrologic modeling techniques to understand some of the hydrologic and aquifer
dynamics. Modeling studies are useful in understanding the nature of aquifer recharge,
such as the differences between low and high frequency rainfall events and their associated
intensities. The high frequency events correspond to large-scale, frontal weather systems
that occur during the winter, when evapotranspiration is lower. Winter rainfall occurs
during favorable antecedent soil moisture conditions, which may lead to greater fractions
of rainfall becoming recharge. Hence, ﬁve days of consecutive 20 mm rainfall during
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the winter could yield more recharge than would a day of 50 mm rainfall followed by
a dry day and then another day of 50 mm of rainfall in the summer. This has important
implications for rainfall enhancement strategies, for if certain types and sequences of
rainfall lead to greater recharge, then certain meteorological conditions could be targeted
for enhancement efforts.
First, wadi Siji and the response of its hydrogeologic variables to precipitation variability
was studied. The Siji watershed is located in the central portion of the Dubai Emirate,
with a catchment area of approximately 100 km2. Figure 8.3 is the outcome of a GIS
based watershed and stream identiﬁcation analysis using a 90-meter resolution digital
elevation data developed for the DWRS. This watershed and the surrounding area have
several weather stations that have recorded rainfall for many years (Marbad, Jebel Sharm,
Masaﬁ and Siji), and the main stream near the catchment outlet (to the southwest) has
a stage recording station. There are also groundwater well monitoring stations near this
watershed and to the west, by which groundwater response to precipitation events can be
analyzed.
Groundwater level data from the Ministry of Agriculture and Fisheries (MAF) show a
variety of responses to the high rainfall events in the winter period of 1995/96 (Figure
8.4). The MAF monitors groundwater levels within and west of the Oman Mountains.
This winter was especially wet, with widespread ﬂooding in many areas of the UAE. In
this period, there is strong evidence of the sensitivity of the alluvial aquifer systems in and
around the Oman Mountains to strong, sustained rainfall events.
Interestingly, in July of 1996, the Siji stream gauging station recorded large ﬂood peaks
on both July 24th and July 27th (Figure 8.5). Corresponding precipitation data does not
support this strong outﬂow and total volume data are not in the current data holdings, so
conﬁrmation of these ﬂoods events needs to be studied in cooperation with the MAF. Jebel
Shaam showed strong precipitation for these events (nearly 60mm), while precipitation
for the other stations on these dates was much smaller. Also, a groundwater response to
this July 1996 recorded ﬂood peak in Wadi Siji does not appear in the well level data of
GP14, as can be seen in Figure 8.4. The role of this July event on recharge is difﬁcult to
deduce. Additionally, the ﬂood peak estimates of some of the winter peaks are well over
200 m3/sec, and the July peak is nearly 600 m3/sec. These peak discharge estimates seem
too high.
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Figure 8.3. Boundary and sub-watersheds of Wadi Siji, as derived from the 90-meter resolution
digital elevation model data (total area ~103 km2). Contour intervals are 100 meters, and markers
indicate the location of gauging stations and groundwater monitoring wells. (GWR4 and GP15 are
between and just to the west of GP14 and GP16 and are not shown in this ﬁgure.)

Figure 8.4. Standardized change in groundwater levels near Wadi Siji.

In Figure 8.4, GP14 is located near the boundary of the wadi, while the other monitoring
wells are further west. Also plotted is the average precipitation from the 4 stations near
and around Wadi Siji and their standard deviation. Note the rapid response of GP14 in
January 1996, after 3 signiﬁcant ﬂood ﬂows that likely produced signiﬁcant transmission
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losses along the channel. In 1995, there was a period of 13 out of 15 days that reported
measurable precipitation. In 1997, the March precipitation occurred over a 5-day period.
From 1990 to 1995, nearly all of the groundwater-monitoring wells near Wadi Siji
exhibited a long-term, declining trend, with the exception of GWR4 (Figure 8.4). Note
that there were no data available on groundwater extractions near these wells, so the role
of groundwater pumping on well levels was not considered. Within this period of record,
the monitoring wells in the western desert (GP15, GP16 and GWR4) exhibit periods
of groundwater level increases associated with seemingly smaller rainfall episodes. For
example, the winter of 1992/93 had signiﬁcant rainfall and the groundwater levels in
these wells appeared to respond positively to this rainfall. However, GP14 showed little
response to these events, and the discharge records of Wadi Siji during this period showed
only small amounts of discharge as a result of these rainfall episodes. This suggests that
the rainfall was spatially variable, and was not great enough to contribute to discharge
from Wadi Siji, but likely contributed to wadi discharge in other nearby stream systems,
which led to the response of the down-gradient well levels.

Figure 8.5. Plot of the average daily precipitation from the 4 meteorological stations near and
around Wadi Siji (red dots) and the observed peak discharge (blue diamond) and total ﬂood volume
(black triangle) from ﬂood stage recording devices within the Wadi Siji ﬂood plain, from July 1995
through March 1996.

Recall that the alluvial aquifers are highly braided, with corresponding ﬁngerlike
extensions of high and low permeabilities and transmissivities. For example, it appears
quite likely that GWR4 is in an area of higher transmissivity and therefore experiences
more signiﬁcant response to signiﬁcant rainfall events. Thus, different precipitation
regimes can lead to different groundwater responses. Future, high spatial and temporal
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resolution and high-quality quantitative precipitation estimates using weather radar
should aid in the understanding of these complex hydrogeologic responses.
The signiﬁcant rainfall that occurred during the winter months of 1995 and 1996 reversed
the long-term declining trend exhibited in most of these monitoring wells. The reversal
was most dramatic in GP14. Rainfall observations in the mountainous regions show that
the winter precipitation of 1995/96 was unusually signiﬁcant and appears to have led to a
rapid response of the near-surface aquifers in this area. Peak and total volume discharge of
Wadi Siji was signiﬁcant during the winter of 95/96, with large volume ﬂoods occurring
in December, January and March. GP14 appears to have a strong hydraulic connection
to wadi discharge, while GWR4 and GP16 also appears to respond positively to these
rainfall episodes, with an approximately 4- to 6-month lag. Surprisingly, GP15 exhibits
little response to these rainfall events and subsequent wadi ﬂows. The rapid response
time of the aquifers certainly suggests that the primary recharge mechanism is due to
percolation from the wadi bed during times of high ﬂow. The response of the downgradient wells to the 1995/96 precipitation events suggests that particularly wet winters
are the ones that lead to signiﬁcant recharge of the larger aquifer systems. Well-level
and precipitation records also suggest that smaller precipitation sequences lead to aquifer
recharge, but are perhaps not as widespread or proliﬁc as larger events, and are conﬁned
to more local aquifers.
8.3.1

Modeling Study of the 1995-1996 Winter Precipitation in Wadi Siji

A surface hydrologic model was used to simulate the response of Wadi Siji to the winter
precipitation events of 1995/96. SWAT is the acronym for Soil and Water Assessment
Tool, a river basin or watershed-scale model developed by the U.S. Department of
Agriculture’s Agricultural Research Service (ARS) (http://www.texas.edu). SWAT was
developed to predict the impact of land management practices on water, sediment and
agricultural chemical yields in complex watersheds with varying soils, land use and
management conditions over both long and short periods. SWAT is physically based, so
rather than incorporate regression equations to describe the relationship between input
and output variables, SWAT requires speciﬁc information about weather, soil properties,
topography, vegetation, and land management practices occurring in the watershed.
Wadi Siji was chosen for hydrologic analysis because of its available precipitation
record, runoff observations, and groundwater level observations. Figure 8.5 shows the
precipitation and corresponding peak and total volume ﬂows over this period for Wadi
Siji. The wadi was divided into 5 sub-basins for hydrologic analysis with SWAT. Three
precipitation gages are available within and around this wadi (shown as marks in Figure
8.3). SWAT has an ARCVIEW tool (ARCSWAT) that can be used to rapidly generate
input datasets for hydrologic modeling. This tool was used to automatically generate a
distributed precipitation dataset for each sub-basin, based on a weighting of available
stations within the larger watershed.
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If we assume that the estimated peak ﬂow can be approximated as steady ﬂow, then we
can apply Manning’s formula to estimate ﬂow velocities and discharge for speciﬁc ﬂood
events. Flow velocity is given as,
(8.1)

and discharge, Q, is then expressed as
(8.2)

Q= VA
where V is the velocity in ft/sec, R is the wetted perimeter in ft, A is the wetted area in ft2,
Q is discharge in ft3/sec and Sf is the friction slope, which in the case of small slopes is the
same as the bed slope, So. For SI units, the 1.49 coefﬁcient simply becomes 1.0. Mannings
equation is valid only for turbulent ﬂow, and the criterion for deﬁning fully turbulent ﬂow
is,
. This is a necessary condition for applying Manning’s equation. In the
case of ﬂood discharge, it is safe to assume that the ﬂow is always turbulent, which was
the case in this analysis.
For a natural ﬂood plain of coarse material, as in the case of Wadi Siji, a Manning’s
roughness coefﬁcient, n, is estimated to be 0.03. We used the digital elevation model to
deﬁne the bed slope, and generously estimated Sf to be 0.02% (or 0.0002). We used data
supplied by the MAF, which has recorded discharge gage heights and widths in Wadi Siji
for several ﬂood events dating back to the 1980’s. For the ﬂood events in the winter of
1995-96, MAF have estimated peak ﬂood discharges and total volumes for the events,
(Figure 8.5). For example, the 24 July 1995 peak ﬂow estimate was approximately 600
m3/s, which is a very large discharge estimate. Looking at the MAF data and assuming that
the ﬂood plain can be characterized as a rectangular channel, they estimated the wetted
width at nearly 50 meters and the wetted depth at 3.65 meters for the peak discharge.
This leads to a wetted perimeter, P, of 57 meters and a hydraulic radius, R (R=A/P), of
approximately 3.2 meters. Applying Manning’s formula to this data yields a velocity of
1.0 m/s and a discharge of 186 m3/s, less than 1/3 of the peak estimated by the MAF. If
we change some of the underlying assumptions, such as a steeper bed slope (~0.03), then
the velocity increases to 1.2 m/s with a corresponding discharge of 228 m3/s. This is still
much lower than the 600 m3/s estimate.
Other ﬂood peak estimates during this period included a 12 December 1995 estimate,
where the stage height was 2.52 meters with a corresponding ﬂood width of 42 meters. A
friction slope of 0.02, and a Manning’s value of 0.03, returns a velocity of 0.8 m/s and a
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ﬂow rate of 86 m3/s. If more conservative values are assumed, such as a friction slope of
0.01 and a reduced average depth to 1.5 meters (assuming a non-prismatic channel), then
the peak discharge is further reduced to 26.4 m3/s.
Results from a corresponding hydrologic simulation, using the SWAT distributed hydrologic
model, are shown in Figure 8.6. This ﬁgure includes the outﬂow from sub-watersheds 1
and 5, shown in Figure 8.3. The outﬂow from sub-basin 1 is small in comparison to subbasin 5. The outﬂow from sub-basin 5 represents the accumulated discharge from Wadi
Siji, while sub-basin 1 is a much smaller contributor to the total ﬂow (~20%). As seen
in Figure 8.6, the peak discharge occured just after 15 December, when the antecedent
soil moisture conditions were generally wet due to the earlier 11 December event. Peak
discharge was approximately 20 m3/s, which is very close to the revised estimate of peak
discharge using Manning’s equation. However, there is signiﬁcant amount of uncertainity
in these modeled estimates, as many assumptions have been made regarding surface and
channel characteristics and parameters. For example, we have assumed one overlying
surface and soil type for the whole watershed. More detailed simulations would require
extensive ﬁeld investigations to more accurately determine model parameters.

Figure 8.6. Discharge estimates from SWAT simulations for Wadi Siji, for the winter period of
1995-1996. The blue line is the outﬂow estimate from sub-basin 1, and the red line is the estimate
from sub-basin 5, which also corresponds to the total outﬂow from Wadi Siji. The black marks
are the observed discharges (scaled on the right axis). The gray line is the total precipitation as an
average of the three observing stations (also scaled on the right axis).

8.3.2

Wadi Safwan – An Observational Analysis

The estimation of recharge to the alluvial aquifers west of the Oman Mountains is a
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challenging problem. Two independent studies are cited which estimated recharge for
nearly the same wadi and groundwater system, Wadi Safwan, north of Al Ain, near
the eastern border of the Abu Dhabi Emirate with Oman. This aquifer is believed to be
one of the most proliﬁc of the near-surface aquifers in the region, and determining its
annual renewable yield is of critical importance. One of the studies estimated recharge
by using hydrogeologic observations of aquifer properties (depth to groundwater, aquifer
characteristics, transmissivity estimates, etc.) and theoretical relationships of aquifer
transport (Turner et al., 1986). This physical approach is particularly useful for local scale
studies of speciﬁc systems, since it relies on local observations of aquifer properties.
Turner et al. (1986) used observed water table contours and associated ﬂow lines for Wadi
Safwan (approximately 210 km2) to compute the total potential drop of the hydraulic
head over an approximate 20 km length of the wadi (Figures 8.7). In their study, they
assumed a transmissivity value for this unconﬁned alluvial aquifer of 560 m2/day (T). If a
high saturated hydraulic conductivity of 10 m/day is assumed, then an average saturated
thickness of 56 meters results. Darcy’ law can be applied: Q = Tiw , where Q is the ﬂow
rate m3/day and w is the aquifer width through which ﬂow occurs. Assuming a constant
groundwater hydraulic gradient (i) of 0.005 over the 20 km length and an aquifer width
of 7000 m (which may be a little large), yields a ﬂow rate, Q, of approximately 20,000
m3/day or 7 Mm3/year (see Figure 8.3). Further assuming a catchment area of 210 km2 and
uniformly distributed recharge over the basin, an estimate of 7 million m3/year (Mm3/yr)
of recharge would mean an equivalent depth of about 30 mm of annual recharge or nearly
20 percent of the annual average precipitation of 150 mm.

Figure 8.7. Wadi Safwan, with the groundwater elevation contours superimposed onto the map.
The numbers designate the approximate depth to groundwater (ASL) in meters which was observed
in 1985.
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This estimate strongly depends on the assumption that the hydraulic gradient and

transmissivity are constant. However given the extreme climate variability in the region
and the small spatial extent over which the majority of recharge occurs, evidence
suggests that these near-surface aquifers respond quickly to precipitation, especially for
rainfall events that yield surface wadi ﬂow. If the gradient was reduced to 0.004 and
the transmissivity was reduced to 460 m2/day (very valid assumptions), the ﬂow rate
would drop from 20,000 m3/day to 13,000 m3/day, or a 35% reduction in total recharge.
This clearly shows the sensitivity of the recharge estimate to assumptions regarding the
aquifer properties. The water table of the alluvial aquifers above the gaps (where the wadi
Safwan gradient was measured) are constantly changing as a result of recharge events and
subsequent drainage to the alluvial aquifer system to the west. Thus, the equilibrium or
‘average’ state is difﬁcult to deﬁne. Since recharge to the groundwater reservoirs occurs
mainly as transmission losses along the entire length of the highly permeable wadis,
these strong water-table gradients might be localized to the alluvium channels that are
deﬁned by the gap outﬂows from the mountains. Studies by the GWRP suggest that the
groundwater levels at these outﬂow points have correspondingly strong correlations to
wadi ﬂows.
Because a long-term simulation of ephemeral stream ﬂow is conceptually difﬁcult and
was not well supported by data available at the time of their study, Osterkamp et al.
(1995) applied an event-based approach that, by its nature, did not directly estimate the
long-term mean recharge needed for understanding the sustainability of large groundwater
systems. They converted a single, event-based recharge estimate to a measure of mean
runoff and inﬁltration based on geomorphic and scale transition techniques.
Osterkamp et al. (1995) suggested that data from highly ephemeral streams in similar
desert regions could be used to deﬁne drainage-basin/discharge relationships for similar
drainages in other arid and semi-arid areas. Fundamental to these relationships is the
observation that the volume of ﬂow for the mean-annual ﬂood event (Q2.33, which is the
ﬂood with a 2.33 year recurrence interval) approximates the volume of mean annual
discharge for a site on the ephemeral stream. The Q2.33 ﬂood corresponds to the P2.33
precipitation index-event and the ﬂow volume of this index-event is a surrogate for mean
discharge. Mean discharge is assumed to result in transmission loss and recharge equal
to the sum of ﬂow that would deﬁne the average year. Thus, if 50 mm deﬁnes the indexevent (P2.33) and the transmission loss is estimated as 20% of that event (10 mm), then
for an average annual precipitation of 200 mm, recharge (now deﬁned as 10 mm) would
represent 5% of annual precipitation.
For Wadi Safwan (approximately 210 km2), Osterkamp et al. used a P2.33 storm of 54
mm based on a 20-year rainfall record at Al Ain. Wadi Safwan has an estimated annual
average precipitation of 170 mm, which was used to infer its P2.33 event from the Al Ain
record by simply scaling it to the ratio of the Al Ain P2.33 event and the Al Ain annual
rainfall of 90 mm. This P2.33 event was then used in a surface hydrologic analysis to
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determine the transmission loses along the wadi channel and the inter-wadi recharge,
which combine to give the total recharge for the wadi. For Wadi Safwan, Osterkamp et
al. used the 54-mm event in a hydrologic model to estimate the unit water ﬂuxes that are
partitioned into runoff, transmissions losses, evapotranspiration, and inter-wadi recharge.
These are summarized in the water budget of Table 8.1. All channelized runoff water was
assumed to contribute to recharge. Of the P2.33’s 54 mm of rainfall, recharge represents
about 14 mm (12 mm by transmission loss and 2 mm by inter-wadi recharge) or about
26% of the index event, but only 8% of the annual precipitation of 170 mm (Table 8.1).
Recall that under this method, the hydrologic response of the P2.33 event is a surrogate of
the total annual runoff volume. Thus, the 14 mm of recharge distributed over the 210 km2
basin equates to about 3 Mm3/year of recharge, which is less than half of the estimate
made by Turner et al. (1986), whose ﬁeld observations suggested an annual recharge of
7 Mm3/year. Of course, this leads to the question of whether or not one method is more
accurate or “correct” than the other? The answer likely requires detailed ﬁeld studies
for accurate assessment. Regardless of the methods applied, estimating recharge in arid
and semi-arid watersheds with highly ephemeral streams is difﬁcult due to inadequate
records that deﬁne long-term precipitation averages and variability and their relationships
to stream ﬂow and discharge characteristics. Also, there is strong evidence suggesting
that the rare extreme ﬂood events lead to the majority of recharge, and thus estimates of
recharge on a per-annum basis might be inappropriate.
Table 8.1. Summary water balance for Wadi Safwan as estimated by Osterkamp, et al.
(1995).

P2.33 annual rainfall event

54 mm

Transmission Losses (including runoff)
Evapotranspiration
Inter-Wadi Recharge
Annual average rainfall total

12 mm
40 mm
2 mm
170 mm

If transmission losses along the wadi channels are the key mechanism of recharge to
the near-surface alluvial aquifers in the west, then perhaps it is not the mean annual
rainfall or even the mean rainfall-event (P2.33) that is the critical determinant of recharge.
Rather it is the extreme precipitation events that lead to the substantial recharge that is
most important in determing the safe-yield of alluvial aquifers. Wadis with streamﬂow
measuring apparatus suggest some extreme discharge events under certain precipitation
regimes. However, the nature of this precipitation, or its sub-daily distribution is not
known, as precipitation data are only available on a daily basis. Clearly, ﬂood discharge
measurements suggest short duration, high intensity ﬂows.
An examination of the water table response to precipitation events at different locations
throughout the UAE supports this hypothesis. Under the more extreme precipitation
events, which lead to greater ﬂood magnitudes, overland ﬂow mechanisms give rise
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to the accumulation of channelized water in low-lying wadis. A fundamental question
is whether or not these signiﬁcant, prolonged precipitation events, which give rise to
extended surface ﬂows in the wadi channels, are the events that lead to the majority of
recharge of the near-surface alluvial aquifers? We address these different questions in
by looking at 1) the groundwater and precipitation records of wadis with more complete
hydrogeological records to infer what these data suggest for Wadi Safwan, and by 2)
performing hydrogeologic analysis with some of these data to better understand the
response of these wadis to different precipitation regimes.
8.3.3

Wadi Basseriah - An Analysis of Groundwater Observations

We did not possess adequate historical groundwater records for Wadi Safwan to facilitate
an analysis of groundwater gradient changes, but this important issue needed to be
addressed. Wadi Basseriah was studied since it had groundwater level records extending
to the early 1980’s (Figure 8.8). This wadi is in the northeastern portion of the UAE and
drains towards the Gulf of Oman and the Indian Ocean.
Eight groundwater-monitoring wells were used for this analysis, with the assumption that
Wadi Basseriah can serve as an analogue to other wadis in the Oman Range, such as Wadi
Safwan. This is likely an acceptable assumption given the similarity in the climate and
the geologic regimes. A key difference between Wadi Basseriah and Wadi Safwan is the
fact that Basseriah drains into the Gulf of Oman. So the downstream groundwater head is
probably stabilized by a saltwater/freshwater interface, and hence exhibits less ﬂuctuation
than does Wadi Safwan’s down-gradient groundwater level. We examined the response
of Basseriah’s groundwater levels over a 16-year period. Of the eight monitoring wells
reported, ﬁve are in the upstream portion of the wadi (Figure 8.8) and the time series of
the groundwater levels of these wells are shown in Figure 8.9.
Wells 2 and 6 are further downstream and show a smaller response relative to the more
upstream wells. Note that all these wells are located on or near the wadi channel where
the alluvium permeability is high and thus likely in an area where aquifer yields are
higher. Downstream, monitoring wells 1 and 3 show a very slight response to the rainfall
in the winter of 1981-1982 and show a slightly greater response (lagged by 6 months) to
the precipitation events of the 1995-1996 winter period, characterized by the start of a
long-term increasing trend.
The thick lines of Figure 8.9 correspond to the upstream monitoring wells, while the
thinner lines are the more downstream wells near the coast. The strong rainfall episodes
(shown as a thick-gray line of rainfall accumulation) during the winters of 1981/82 and
1995/96 strongly correspond to groundwater level increases. Note the signiﬁcant slope
change during these periods.
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Figure 8.8. Wadi Basseriah, its location relative to Wadi Safwan and the northern UAE (upper
right inset) and the location of monitoring wells along the wadi channel. The total basin area is
approximately 290 km2.
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Figure 8.9. Groundwater level and precipitation in Wadi Basseriah over the period 1981 to 1997.

The period 1981 to 1983 was wet and corresponds to increases in well levels. But in less
than 2 years, the average thickness of the unconﬁned aquifer dropped by about 15 meters.
This information can be used to assess changes in the groundwater gradient. To determine
the groundwater gradient, we estimated the no-ﬂow boundary condition by estimating the
location of the bedrock, which was subsequently used to deﬁne the relative slope of the
groundwater gradient. The average aquifer thickness was inferred through analysis of the
monitoring well data and was estimated to be approximately 45 meters. This led to an
estimate of the bedrock depth and hence a lower boundary slope of roughly 1% (Figure
8.10). From this approximation, the 1983 estimated groundwater gradient was 0.005,
while the 1985 gradient was 0.004. This hydraulic gradient change corresponded to an
average unsaturated thickness change of about 10 meters over the two-year period. The
average unsaturated aquifer thickness (havg) was estimated to be 45 meters in 1983 and 35
meters by 1985. If we apply Darcy’s law (Q = Tiw), where T = 10 m/day * havg and w is
estimated to be 4 km, then in 1983, the daily ﬂow rate (Q) was 9,000 m3/day but dropped
to 6,000 m3/day by 1985. As in the Wadi Safwan estimate, assumptions regarding aquifer
width, hydraulic conductivity, and the groundwater gradient signiﬁcantly inﬂuence the
estimate.
This observational analysis clearly shows the hydraulic link between precipitation and
groundwater levels. However, the signiﬁcant drawdown of groundwater from 1983 to
1995 could be the result of both withdrawals for consumptive use and lack of signiﬁcant
rainfall during that period. An analysis of both water demands and climate variability
is needed to understand how these two factors work together to change aquifer storage
levels. Such an analysis is performed in Section 8.4.
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Figure 8.10. Groundwater levels for the various monitoring wells of Wadi Basseriah. The blue line
corresponds to the ground surface. The two lines are the estimates of the groundwater levels for
both the 1983 and 1985 years, and shows the decline levels over those two years.

8.4

WATER RESOURCES MODELING- DEVELOPING BENEFIT/COST
ANALYSIS

Ultimately, results from randomized rainfall enhancement experiments should be used to
suggest potential costs and beneﬁts associated with a long-term enhancement program.
Should a randomized experiment suggest increased precipitation beneﬁts and ultimately
groundwater recharge, it will be necessary to detail and quantify a cost effective strategy of
aquifer recharge enhancement through cloud seeding, which should be analyzed relative
to other water supplies and demand management strategies. To do this, the DWRS should
undertake an analysis of the water resource infrastructure in the UAE, including:
•
•
•
•

Detailing the current water resource supplies, their allocation and their costs of
production and delivery.
Quantifying current water resource demands.
Developing forecasts (perhaps 10 years) of future water demands, how those
demands will be met, and the costs associated with those demands.
Developing costs associated with enhancement based on the outcome of the
randomized experiment.

A Decision Support tool, such as the Water Evaluation and Planning Model (WEAP) can
be used for performing such an analysis. This tool allows for the detailed description of
the water supply and demand components for each sector (desalinization and groundwater
supplies; municipal, industrial, and agricultural demands, etc.), and allows the user to
project those demands and supplies into the future at varying rates of growth and associate
costs of delivering that water to the various demand sectors. A simple schematic of the
WEAP user interface for the UAE, with a few demand and supply components is given in
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Figure 8.11, which shows demands given as red marks and supplies as green marks. The
whole system would consist of many more demands and supplies, and could eventually
comprise the whole water distribution system at any given level of detail.

Figure 8.11. An example schematic of a WEAP spatial conﬁguration for the UAE.

Operating on the basic principle of water balance accounting, WEAP is applicable to
municipal and agricultural systems, multiple wadi/groundwater complexes and can
address a wide range of issues, e.g., sectoral demand analyses, water conservation, water
allocation priorities, groundwater simulations, reservoir operations, and project beneﬁtcost analyses.
The analyst represents the system in terms of its various supply sources (e.g., groundwater
systems, desalinization plants, and water resuse elements); withdrawal, transmission
and wastewater treatment facilities; water demands and pollution generation. The data
structure and level of detail may be easily customized to meet the requirements of a
particular analysis, and to reﬂect the limits imposed by restricted data.
WEAP applications generally include several steps (Figure 8.12). The study deﬁnition
sets up the time frame, spatial boundary, system components and conﬁguration of the
problem. The current accounts provide a snapshot of actual water demand, pollution
loads, resources and supplies for the system. Alternative sets of future assumptions are
based on policies, costs and factors that affect demand, supply and hydrology. Scenarios
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are constructed consisting of alternative sets of assumptions or policies. Finally, the
scenarios are evaluated with regard to water sufﬁciency, costs and beneﬁts, compatibility
with environmental targets, and sensitivity to uncertainty in key variables. Water use data
are entered by each sector of demand, with an example data entry sheet shown in Figure
8.13.

Figure 8.12. Diagram of WEAP modeling framework.

The WEAP model has been updated as a part of this project to include dynamic hydrology
within the simulation framework (Yates, 1996). This marks a signiﬁcant methodological
contribution in water resource modeling, as it will now be possible to incorporate the
direct effects of hydrologic changes within the water distribution system and to capture
the propagating and non-linear effects of water withdrawals for different uses on the
water system.
Traditionally, water resource allocation models have used actually stream ﬂow or river
discharge to deﬁne the boundary conditions for performing water allocation simulations.
However, hydrologic realities are such that water use for agriculture and municipal
and industrial purposes themselves impact the hydrologic cycle. The ability to capture
these dynamic processes is essential when looking at the multiple, propagating effects
of anthropogenic stressors over time and their implications on the provision of aquatic
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ecosystem services. Additionally, the WEAP modeling framework will allow for the
analysis of a multitude of scenarios, with transient attributes (e.g. dynamically changing
climate, coupled with changing anthropogenic stressors, such as land use variations and
water withdrawal and allocation changes).

Figure 8.13. Example WEAP data input screen, where data ﬁelds describing wadi attributes
and demands are entered. In this screen the user has selected the climate ﬁeld and is entering
precipitation data for the different wadi’s.

The hydrologic model consists of several, relatively simple components that were
combined to be computationally and conceptually simple, but with enough speciﬁcity to be
able to address important waster resource issues. A one dimensional, 2-store soil moisture
accounting scheme was developed based on simple empirical functions that describe
evapotranspiration, surface runoff, sub-surface runoff or interﬂow, and deep percolation.
Figure 8.14 shows the components of the conceptual water balance model that includes
the two-layer soil moisture accounting scheme that allows for the characterization of land
use speciﬁc impacts on runoff.
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Figure 8.14. Schematic of the soil moisture scheme to be implemented in the WEAP water resource
allocation model.

The model has been developed to account for two different hydrologic realities. The ﬁrst
is the concept that in upstream watersheds within more complex topographic settings
(e.g. those in mountainous regions with steep slopes and abrupt hills and valleys), the
contribution to deep aquifers used for water resource exploitation is limited, therefore
most deep percolation returns to the stream or as baseﬂow with some time lag. In the case
of highly ephemeral wadis such as those found in the UAE, there is little to no surface
water, but the wadi channels are comprised of coarse, incised alluvium and the baseﬂow
component of the model can be used to represent this ﬂow component. So although it is
referred to as “wadi ﬂow”, it is really a sub-terraean ﬂow that is a result of transmission
losses along the entire length of the wadi. The second watershed “type” are those
catchments located in ﬂatter terrain, for example, the catchments outside the outﬂows of
the Wadi’s near the Oman Mountains, where outﬂow from the ephemeral wadi channels
contributes to the underlying groundwater aquifer, and this aquifer interacts with the wadi
(Figure 8.15).
The groundwater-surface water interacts, and as the groundwater is depleted, the wadi
stream contributes to the groundwater aquifer recharge (losing stream), and when the
aquifer recharge is signiﬁcant then the stream gains water from the aquifer (gaining
stream). An additional complicating factor is that irrigated agriculture can draw from this
aquifer, which simultaneously both depletes the aquifer and provides recharge back to it.
The Irrigated aquifer provides additional “opportunities” for water to be evaporated from
the watershed. Irrigation water can also be imported from outside the watershed (e.g.
piped desalinized water), which would also change the hydrologic response of the system
since this would generally increase the groundwater recharge and enhance the baseﬂow.
475

Figure 8.15. Two types of hydrologic conditions that are captured in the WEAP hydrologic
model.

A stylized groundwater module has been implemented into WEAP that essentially acts
as a wedge that is linked with surface hydrographic features included in the model. A
general depiction of the wedge is shown in the Figure 8.15. Some of the geometric
attributes include:
1.
2.
3.
4.

The initial representative vertical distance that deﬁnes the length scale used to
calculate the gradient between the aquifer and the relevant wadi.
The representative horizontal distance that approximates one dimension of the
lateral extent of the aquifer interacting with the wadi.
The wetted length of the drain that approximates a second dimension of the
aquifer’s lateral extent.
The wetted drain depth that, together with the wetted length of the drain,
approximates the area through which exchanges can take place between the
aquifer and the wadi.

Two additional parameters describe the hydraulic properties of the aquifer.
1. The hydraulic conductivity controls the rate at which water moves towards, or
away from the area through which exchanges can take place between the aquifer
and the wadi in response to a given wedge gradient.
2. The speciﬁc yield controls the amount that the wedge ﬂuctuates in response
to either net inputs from deep percolation and seepage from the wadi or net
withdraws from groundwater extraction and seepage to the wadi.
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8.4.1

A WEAP Model of the Northeastern Abu Dhabi Emirate

The surﬁcial aquifer system in the north-eastern corner of the Abu Dhabi Emirate covers
an approximate 1,200 square kilometer area about 50 kilometers north of Al Ain (Figure
8.16). Heavy pumping from the aquifer has resulted in groundwater level declines as much
as 9 meters near pumping stations. A study conducted by the Ground-Water Research
Program (GWRP) evaluated the hydrogeologic conditions of this alluvial deposit to help
establish pumping strategies to reduce the overexploitation and the results of this study
were used as a calibration protocol for modeling the same aquifer within the WEAP
modeling environment. Groundwater enters the aquifer system at the base of the Oman
Mountains as sub-surface inﬂow from buried alluvial channels and recharge along gravelbased wadi beds. This recharge is derived primarily from four wadi systems, including
Sumyani to the north, Khaab, Safwan, and ﬁnally Masiq to the south. The total area of
these four wadis is approximately 1500 km2, and their outﬂow was assumed to contribute
to the single surﬁcial, alluvial aquifer that extends westward into the UAE desert/dune
area. Climate data from 1950 to 1990 was used to simulate the hydrologic response of
these wadis over this 40 year period. A climate station with a suitable record of length was
only available at Sharja (annual mean of approximately 100 mm), so this precipitation
record was scaled by a factor of 1.5 to reﬂect the increased precipitation observed in the
Oman Mountains, and was used in this simulation (Osterkamp et al. 1995). The WEAP
model of this hydrologic system was used to simulate future changes in the ﬂow system
and to evaluate how an enhancement program might affect the aquifer and its ability to
increase the reliability of the water supply to meet both irrigation and municipal and
industrial needs.
A study by Rizk et al. (1998) indicated that annual rainfall should exceed 140 millimeters
before there is a signiﬁcant contribution to ground-water directly above the aquifer, e.g.
in the dune areas, although rainfall intensity might be more important than mean rainfall
for recharge. Meteorological records indicate that rainfall exceeds 140 millimeters about
1 in 3 years. For purposes of this study, it was assumed that recharge by inﬁltration
of rainfall was 3 millimeters per-year over the 1,200 km2 area. The second source of
recharge is the sub-surface ﬂow of water ﬂowing out of the wadi gaps. Section 8.3.2
detailed observational studies that were conducted in order to assess the discharge rates
from the distributed transmission-losses associated with ephemeral wadi ﬂow. Steady
state estimates from Turner et al. (1986) gave estimates of 3,200 m3 per day per kilometer
of aquifer width across the gravel bed of the wadi. Note that this does not represent the
entire width, but the conﬁned width of the channelized portion of the wadi ﬂoor. Based
on the modeling study by Silva and Al Nuaimi of the GWRP (1998), total recharge from
these wadi’s is approximately 100,000 m3/day, thus approximately 27 kilometers of width
faces the recharge area and is the effective recharge length of the four wadis as they relate
to the deﬁned aquifer.
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Figure 8.16. WEAP schematic of the 4 contributing wadis (Sumyani, Khaab, Safwan, and Masiq)
to the surﬁcial aquifer system of the northeastern Abu Dhabi Emirate of the UAE. The gray box
denotes the boundary of the aquifer. The outﬂow from each wadi contributes to a single, stylized
aquifer that is represented as the gray bounded box. The small dotted lines are roads that cross the
UAE.

8.4.2

Deﬁning Water Demands

Major outﬂows from the surﬁcial aquifer system include pumpage from wells and subsurface ground-water outﬂow. It has been estimated that as much as 70,000 m3 per-day
move downgradient, beyond the pumpage wells, into brackish-water areas becoming
unusable as a water supply (Silva and Al Nuaimi, 2000). Estimates of groundwater
pumpage and usage have been made by Kendy et al. 1996, who estimated that in 1995
about 22 and 9 million cubic meters were pumped from municipal and industrial wells and
agricultural wells, respectively. Groundwater levels have been observed to decline 1 to 9
meters around localized pumping wells during the period 1985 to 1995, and the saturated
thickness of the 1200 km2 alluvial aquifer does not exceed 20 meters. For estimating
storage changes in the aquifer, it was assumed that the aquifer was a continuous area
comprising 1200 km2 with an average saturated thickness of 8 meters, and a storage
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coefﬁcient of 0.1, leading to a total water volume of approximately 1,000 Mm3/yr at
steady state. The downgradient ﬂow to the deeper saline aquifer was given as a function
of the storage volume of the aquifer and the ﬂow rate was assumed to increase with
increasing aquifer storage and decrease with declining storage.
From the UAE Ministry of Agriculture and Fisheries (MAF), irrigated hectares were
estimated for the period 1992 to 1998, based on data from their website (http://www.uae.
gov.ae/maf), with an estimate of the total hectares summarized for the Abu Dhabi Emirate
in Figure 8.17. Three general commodities are shown: ﬁeld crops (e.g. alfalfa, fodder,
wheat, others), vegetables (tomatoes, eggplant, cabbage, fruits, others); and fruit trees
(palm, citrus, mango, lime, others). Water being supplied from this aquifer for irrigation
was assumed to be a fraction of this total, with a 1985 estimate of approximately 700
hectares irrigated, with areas of each agricultural commodity based on the MAF data and
derived as percentage of total acreage planted. Vegetables were assumed to be planted
nearly year-round, with 3 irrigation cycles, fruit trees were irrigated from early through
late summer, while ﬁeld crops were irrigated from late summer to early spring (avoiding
the mid-summer heat). Figure 8.17 clearly show the increased agricultural production in
the later half of the 1990’s, particularly for fruit trees.

Figure 8.17. Total area under production in the Abu Dhabi Emirate of the UAE from 1992 to
1998.
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8.4.3

Water Evaluation Simulation

The WEAP water resource model was used to simulate the hydrologic dynamics of this
aquifer system for the period 1950 to 1999, to simulate aquifer interaction without any
withdrawls, in order to assess steady station conditions of each wadi’s discharge. A plot of
rainfall observations for this period is shown in Figure 8.18, which includes the monthly
totals, the 1-year moving total and the 10-year moving average. The early 1950’s and the
late 1970’s and both the 1980’s and 1990’s were generally wet when compared with the
late 1950’s through the middle of the 1970’s. Mean annual precipitation was about 150
mm, with the blue line in Figure 8.18 showing the signiﬁcant amount of variance in the
year-to-year precipitation.

Figure 8.18. Observed monthly precipitation for the period October 1959 to September 1999, for
the station at Sharja, scaled by a factor of 1.5 to better represent total precipitation for the simulated
wadis.

The hydrologic simulation of the rainfall-runoff process can be separately evaluated in
WEAP, and Figure 8.19 shows the relative state of soil moisture in both the top and bottom
soil moisture zones for this same period. In all four of the wadi’s, the maximum storage
capacity of the upper soil zone was assumed to be 90 cm’s, while the capacity of the lower
storage zone is much more signiﬁcant, at 500 cm’s. The plot shows the predominantly dry
condition of the top soil moisture store, where the relative soil moisture state (e.g. zero
percent represents the wilting point and 100 percent ﬁeld capacity or complete saturation)
is quite low. The lower soil moisture zone exhibits much less hysterisis, gradually declining
until the 1990’s, and then increasing following the heavy rainfall of the winter of 1995
and 1996. Note that observations of water levels in many groundwater wells throughout
Abu Dhabi support this result (see Figure 8.4 and 8.9). The storage of the alluvial aquifer
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was assumed to be in a generally steady-state condition over the 40 year period, thus the
simulation should reﬂect changes due to drier and wetter periods, but should not exhibit
a long-term trend of either increased or decreased storage. This type of aquifer response
was adequately captured as can be seen in Figure 8.19. Note the increased aquifer storage
around 1995, which corresponds to increased rainfall (see Figure 8.18) and is consistent
with observations of monitoring wells (Figure 8.4 and 8.9).

Figure 8.19. Simulated estimates of relative soil moisture levels for the two soil moisture stores
from the WEAP hydrologic model and the aquifer storage (blue line) for the period 1949 to 1999.

The WEAP simulation model was then run for the period 1982 to 2013 to simulate
historic and estimates of future water withdrawals from the aquifer for all demands.
This 30-year simulation included a hypothetical enhancement program which was
“carried-out” for a 10-year period, starting in the summer of 2003 and ending in 2013.
Because meteorological data are obviously not available for this period, a portion of
the historic record (e.g. speciﬁcally the period October 1970 to September 1980) was
used to represent the future period starting in October 2003 and ending in September
of 2013. It was assumed that an enhancement program would strategically target the
recharge area of the four aquifers of this study (Sumyani, Safwan, Khaab, and Masiq),
but only for the summer months. Figure 8.20 is the mean monthly rainfall used for the
four wadi’s, with an approximate 145 mm-per-year mean for the 1970 to 1980 period.
Summer rainfall enhancement increases this mean to 164 mm-per-year, an approximate
13 percent increase. This period was used to represent the future scenario of rainfall from
2003 to 2013, with the blue line a hypothetical increase of precipitation over the 4 wadi’s
for the summer months of June, July, August and September. The summer enhancement
represents a total increase in precipitation of 13 percent.
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Figure 8.20. Distribution of the mean monthly rainfall for the period 1970 to 1990.

In order to assess a future enhancement program, it was necessary to estimate water
demands from both the agricultural and municipal and industrial sectors and project those
demands into the future. Using 1995 estimates of irrigated acreage and water withdrawals
for agricultural (9 Mm3/yr) and for municipal and industrial uses (22 Mm3/yr), estimates
of past withdrawals were made by simply assuming base withdrawals and associated
growth rates starting in 1982 that would match 1995 use estimates. Figure 8.21 shows
the past and estimated future growth of irrigated hectares for the 30-year period. No
assumptions were made regarding changes in irrigation practices, improved efﬁciencies
or changes in cropping patterns, but changes of this nature could obviously affect water
withdrawals from the aquifer. Annual growth rates were assumed to be 3% for vegetables,
4% for fruit trees and a declining growth rate of -0.5% for ﬁeld crops. Similar projections
were made for municipal and industrial demands, which were assumed to grow at 2% per
annum (not shown).
Figure 8.22 is a pie chart depicting the 1995 modeled estimates of inﬂows and outﬂows
to the groundwater aquifer and the net change in storage (in this case, a declining storage
of 19.4 Mm3/yr). Recall that observational data suggests that 1995 agricultural and M&I
withdrawals were 9 and 22 Mm3/yr, while the WEAP estimates are 9.3 and 19.4 Mm3/
yr. Downgradient ﬂows out of the aquifer were 15.5 Mm3/yr and wadi inﬂow was 22.2
Mm3/yr. These two values are below the long-term estimates, but prior to 1995 modeled
inﬂows to the aquifer diminished signiﬁcantly until the large 1995-1996 rainfall seasons,
which signiﬁcantly boosted recharge to the aquifer, with modeled estimates well above a
yearly total of 30 Mm3 (see Figure 8.19).
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Figure 8.21. Estimates of irrigated hectares for each of the three general commodities and their
projected growth over the 30-year period (1982 to 2013).

Figure 8.22. Groundwater aquifer water budget analysis for 1995 (m3). Includes all the components
of ﬂow into and out of the aquifer and the change (in this case a decrease) in storage.

One issue of signiﬁcant uncertainty is the assumption of how quickly convective
rainfall inﬁltrates in the summer. The inﬁltration rate was tripled from 1000 mm/month
to 3000 mm/month, which lead to an average increase in recharge of 0.7 Mm3/yr with
additional evapotranspiration of about 4 Mm3/yr, as compared with 5 Mm3/yr in the low
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percolation rate case. Clearly, this analysis shows the majority of enhanced rainfall is lost
to evaporation in the summer months, under both inﬁltration rates.
Assuming a total wadi drainage area of approximately 1000 km2, then each millimeter
of recharge would roughly equate to an additional 1 Mm3/yr of recharge to the aquifer.
Using the estimate of an increase in mean annual rainfall from 145 to 160 millimeters,
and assuming that 11% of total annual rainfall becomes runoff and thus recharge, we
might assume that the total recharge should increase by about 2 millimeters annually,
leading to an additional recharge of roughly 2 Mm3/yr. In fact, the analysis shows that
because the enhancement is performed in the summer months, when potential evaporation
is much higher, average annual recharge increases by only 0.3 Mm3/yr for the 10 year
enhancement period, while evapotranspiration increases by nearly 5 Mm3/yr. Although
relative soil moisture storage in the top layer remains low, summer enhancement does
increase it by approximately 25 % in the summer months.
The efﬁciency of runoff production for winter precipitation episodes is highlighted by
now assuming that enhancement occurs during the winter months of December, January
and February. It is again assumed that annual precipitation increases from 145 to 160
millimeters, but this increase occurs during the three months, when precipitation is higher
from synoptic scale episodes. The same approach was applied to generating a wintertime
precipitation sequence, with a winter enhancement randomly added to the historic
precipitation record that was concatenated onto the end of the historic record using the
1970 to 1980 sequence as the 2003 to 2013 record. The inﬁltration rate was kept at the
original 1000 mm/month. Evapotranspiration also signiﬁcantly increased, up 4.5 million
m3 per-year relative to the no enhancement case (base annual evapotranspiration was
approximately 30 million m3 per-year), as the relative soil moisture is higher in the winter
when there is still signiﬁcant evaporative demand. However, the higher wintertime soil
moisture stores also contribute more too deep-water movement, whereas in the summer
months, the smaller amounts of increased precipitation remain held in tension in the
soil, neither evaporating nor discharging to the lower zone. Winter enhancement more
signiﬁcantly increased the recharge, adding nearly 2 Mm3/yr, which is still small relative
to the current demands of over 30 Mm3/yr.
Figure 8.23 clearly highlights the need for improved demand management strategies.
Even if demand is held in check, at the 1995 levels, the aquifer will be steadily drawn
down to over half its 1982 levels. In this ﬁgure, the red line (“No Demand Withdrawals”)
assumes that no extractions are made for the entire period, to help establish a baseline.
This shows the climate sequence is relatively wet as the net aquifer storage increases
during the ﬁrst decade of the 21st century. The green, gray, pink and blue lines represent
the aquifer storage with projected demands. Note that holding demands at the 1995 levels
still depletes the aquifer. The winter-enhance scenario does show measurable storage
changes, while changes in aquifer storage due to summer enhancement are practically
imperceptible. Without any extractions from the aquifer and assuming a climate similar
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to the 1970 to 1990 period, the aquifer would show an increase in storage over the next
decade. Of course, the climate projection for this period is hypothetical, and the climate
regime could be drier. Figure 8.23 includes plots of the total annual evapotranspiration for
the base and summer enhancement scenarios for the 1993 to 2013 period, and highlights
the more signiﬁcant evapotranspiration with summer rainfall enhancement.

Figure 8.23. Aquifer storage volume (in m3) for the different scenarios. Changes in annual
evapotranspiration for the without summer enhancement (Base Et) and with summer enhancement
(Summer Enhancement Et) scenarios. The green line gives aquifer storage with water demands held
at 1995 levels for the period 1995 to 2013.

8.4.4
8.4.4a

Application to the Oman Mountains
Review of historic rainfall climatology

Since convective rainfall is the primary target of rainfall enhancement experiments, it
is important to put its contribution to the rainfall budget over Oman and to identify its
spatial and temporal characteristics. Fortunately, the Sultanate of Oman has developed
a strong network of rain gages over the country for the past 30 years, with their spatial
coverage shown in Figure 8.24.
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As part of this report, a partial analysis of this gage data was undertaken to assess
the percentage of rain occurrence in the winter versus summer seasons and what are
the characteristics of this rainfall in both space and time. It is assumed that summer
rainfall over the Oman Mountains is dominated by convection (with the exception of the
occasional Tropical Cyclone). Rainfall data from over 100 stations across the Northern
Oman Mountains were made available with varying record lengths and sampling times.
Daily rainfall data were made available from the MRMEWR on CDROM, as daily
accumulations, and for some stations, sub-daily accumulations, that consisted mainly
of stations within the Oman mountain chain that runs north-south from Musandam to
near Sur (the Ash Sharqiyah Region). The north-east region of the Oman Mountains,
the Batinah Administrative district, is the most populous and arguably the most heavily
exploited groundwater region.
The rainfall data were extracted from the data archive made available in Microsoft Excel®
workbook ﬁles using Visual Basic for Applications Scripts. Both spatial and temporal
analyses were done on this data.
8.4.5

Spatial Rainfall Analysis

Annual average rainfall was estimated for each of the gages with a minimum record
length of 5 years, and then spatially interpolated using inverse distance weighting to an
approximate 2.5 kilometer grid resolution (Figure 8.25). The top panel in Figure 8.25 is
the total annual average rainfall, and shows two regions of precipitation maxima. One
caveat of this analysis is that the data are from a widely distributed rain gage network.
With the potential availability of high resolution weather radar, it would be possible to
reﬁne this analysis with supporting radar-based rainfall analysis. Measurements of rainfall
from convective events during the summer such as those over the Oman Mountains with
sparsely distribute rain gages are known to underestimate the true rainfall.
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Figure 8.24. Rain gage network over the Al Hajar Al Gharbi (Oman) Mountains, whose general
location is given by the colored region. Wadi Ahin is outlined in red, while the rain gage network is
shown as light gray marks. The dark marks are the rain gages used for more detailed analysis.

Interestingly, a slightly higher annual average rainfall is situated in the northern part of
the Oman Mountains (area encompassed within the light blue circle of Figure 8.25). The
second maxima is located further to the south east, in the area of greatest topographic relief
(area within the red circle). Looking at the seasonal distribution of rainfall helps explain
these differences, as the northern precipitation maximum is more strongly inﬂuenced by
wintertime precipitation. In fact, as mentioned above, in the winter and early spring cold
frontal troughs originate in the North Atlantic and Mediterranean Sea and move southerly,
across the United Arab Emirates and towards the Oman mountains, ﬁrst encountering the
northern Oman Mountain range. Summer rainfall maxima (bottom panel of Figure 8.25),
exhibits the suspected strong relationship between rainfall and topography.
487

Figure 8.25. Total average annual rainfall (top panel), and average seasonal rainfall for summer
(middle panel) and winter (lower panel).
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The rainfall ‘footprint’ of the southern Al Hajar Al Gharbi mountain range is larger than
that of the north, as the orographic inﬂuence dominates.
In fact, a comparison of the winter and summer average rainfall totals depicted in Figure
8.25 suggests that summer convective rainfall over the Al Hajar Al Gharbi area is a
slightly higher percentage of the total annual rainfall than that contributed during the
winter months. This information is particularly important since this region includes the
wadis of Upper Andam-Halfayn and Upper Umayri which ﬂow to the south and southwest
and other wadis that ﬂow into the Al Batinah coastal plain. Both areas are currently under
water stress. The percentage of days in the month when it rained in July and August
are shown in Figure 8.26. This spatial pattern of precipitation clearly shows that the
south eastern portion of the Oman Range, in the location of the highest relief (nearing
3000 meters in some locations), clearly dominates the summer convective rainfall, with
percentages exceeding 20 percent of the days in the extreme south east of Jabal Shams. To
the north, the percentage of days with gage-measured precipitation is smaller.

Figure 8.26. Percentage of days with rainfall in July and August for the period 1994 to
1999.
8.4.6

Temporal Rainfall Analysis

The seasonal distribution of rainfall was analyzed for a select number of rain gages that
spanned both a northern and southern transect of the Oman Mountain region (see transect
description in Figure 8.24). The southern transect stays within the Al Hajar Al Gharbi
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mountain range, with all selected stations at elevations above 1000 meters and spanning
about 70 kilometers. The north transect cuts across the Al Hajar Al Gharbi range, from
a low elevation station situated on the plains (Station 130 to the East), then moving into
the mountainous area (Stations 110 and 118) and then extending back onto the western
plains region (Stations 26 and 21, see Figure 8.24). This northern transect also covers
about 70 kilometers.
In analyzing the data from both the northern and southern transects, we excluded the
21 to 25 July 1995 case, which was an unprecedented event over the Southern Arabian
Peninsula, where a tropical cyclone from the Indian Ocean pushed into the southern
regions of Oman bringing heavy rainfall throughout the area. The Jabal Shams rain
gage in Nizwa region recorded more than 230 mm of rainfall between 21 and 25 July.
Interestingly, it appears that major convective rainfall followed this event, with the Jabal
Shams gage recording rainfall on 26 through 28 July (67.4 mm); 5-7 August (53.2mm);
and 8-10 August (13mm); and 15-18 Aug (79.6mm).
Figure 8.27 shows the monthly statistics derived for the stations along the southern
transect. All 6 stations show that the percentage of days with measurable rainfall is greatest
in the summer months. The conclusion is that the frequency of summer, convective
rainfall on these high altitude stations somewhat dominates the annual, daily occurrence.
Stations 52, 61, 63, and 69, show that measurable rainfall occurs more than 20 percent
of the days in some summer months. Note, however, that these four stations also have
the shortest rainfall record and might not be statistically signiﬁcant. The stations along
the transect with longer records (Stations 82 and 85) tend to have a lower frequency of
measured summer rainfall, although still exceeding the winter frequency. With regards
to precipitation amount, only the highest station (Station 52, Jabal Shams) shows a peak
summer precipitation maxima, while the other stations revealed a range of occurrence and
magnitude of the precipitation maxima. Even the stations with longer records (Stations 82
and 85), in relative close proximity to one another, showed considerable differences in the
daily average precipitation given for each month. The statistics derived from Station 85
shows a strong bi-modal relationship (both a winter and summer precipitation maximum),
while Station 82 showed an early summer precipitation maxima (Figure 8.27). Three
of the six stations (Stations 61, 69, and 85) showed the greatest amount of wintertime
precipitation variability with respect to daily accumulations.
Figure 8.28 shows the stations for the northern transect. Most notable is the fact that
the occurrence and amount of summer rainfall is lower, with great variability (Stations
130, 125, and 124) when compared with the stations of the southern transect. Note that
the sample size along this transect tends to be higher, with the exception of Station 110,
which does show a high frequency of winter rainfall, but is likely biased due to the short
record. The higher elevation stations do show a bimodal rainfall accumulation (Stations
111 and 117), but with greater variability and lower frequency than is observed in the
gage record of stations along the southern transect.
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Figure 8.29 are polar-plots that show characteristics of individual summer rainfall events
for six select stations along both the northern (Stations 111, 117 and 124) and southern
(Stations 52, 82, and 85) transects. Each radial is a single event with each point on the
radial representing a ﬁxed interval of accumulation, including 15 min., 30 min., 1 hr,
2 hrs, 3 hrs, 6 hrs, 12 hrs, and 24 hrs. The magnitudes of accumulation increase along
each contour, marked in bold with intervals of 10, 20, and 30 millimeters for stations
along the northern transect (top three polar plots) and intervals of 10, 20, 30, and 40 mm
along the southern transect (bottom three polar plots). Thus points that extend further to
the outside of the radial plot are higher accumulations. For example, comparing the two
storms of 26 July 1993 and 8 August 1997 for Station 111 (top left plot, and marked with
arrows), shows that the 26 July storm had a 15 min intensity of approximately 17 mm
and a total 1 hr accumulation of 30 mm, and was one hour in length since it is only made
up of only 3 marks. The 8 August storm had a 15 min accumulation of about 7 mm, a 30
min accumulation of approximately 11 mm, a 1 hr accumulation of 13 mm, and a barely
detectable 2 hr accumulation of about 13.5 mm. Several distinguishing features can be
noted upon examination of these charts,
1) The more points found along a radial, the longer the storm tended to last,
2) The greater the distance between points, the more uniform the rainfall intensity was
over the intervening period, i.e. within each period there is additional accumulation;
and
3) The further away the ﬁrst few points are from the center the greater the early storm
rainfall intensity.
From these observations, it is apparent that the total storm accumulations tend to occur
within the ﬁrst hour in both locations. The southern transect is certainly made up of more
storms (e.g. more radials, which is also supported by the percentage of days with summer
rainfall, shown in Figures 8.26-8.28) that tended to last longer (e.g. more marks along
the radial). Although the data from the southern transect suggests that storms tend to last
longer, their additional accumulations past the ﬁrst hour are not that great (e.g. the points
on the graphs do not consistently extend to the outer radial). Interestingly, a comparison
of stations 52 and 82 (bottom left and bottom center in Figure 8.29) shows that station 82
tended to have a greater number of accumulations that were near 20 mm in total depth,
whereas station 52 had fewer, but the frequency of rainfall at station 52 is much higher
(see Figure 8.27).
Rainfall data from the northern transect (Stations 111, 117 and 124) seems to suggest
greater spread than the southern stations (although this could be because stations from
the southern transect are shown with one extra depth contour of 40mm).The greater
spread indicates more uniform rainfall occurring over a longer period, while the apparent
grouping of points in the southern transect seems to suggest slightly higher intensities.
This could be the case, as rainfall efﬁciency could be slightly higher over the Al Hajar
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Al Gharbi range releasing more rainfall in a short amount of time, compared with the
northern regions where convective dynamics could not be as strong, with clouds tending
to linger. There could, however, be different reasons for this observation, and weather
radar would be useful in supporting these gage based observations and the meteorology
reﬂected in the different rainfall measurements.
Stn 69, 1490m, ny=10

Stn 82, 1000m, ny=18

Stn 63, 1920m, ny=10

Stn 85, 1120m, ny=19

61, 2050m, ny=7

Stn 52, 2820m, ny=13

Figure 8.27. Monthly average precipitation for days with rainfall, the standard deviation of that
rainfall, and the average percentage of days in the month with measured rainfall for the southern
transect stations shown in Figure 8.24. Include is the station names, its elevation, and the number of
years of daily data (ny) used in the analysis. ** Note the y-axis scales vary from station to station.
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Stn 130, 160m; ny=27

Stn 125, 197m, ny=12

Stn 124, 300m, ny=18

Stn 118, 520m, ny=27

Stn 117, 570m, ny=18

Stn 111, 750m, ny=17

Stn 110, 890m, ny=4

Stn 26, 520m, ny=9

Stn 21, 320m, ny=27

Figure 8.28. Same as Figure 8.27, but for the northern transect shown in Figure 8.24.
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Stn 111- Al Waqbah at Al Waqbah

Stn 117- Qufays Nr. Qufays

Stn 124- Hayl Nr. Ashkkiriyan

Stn 52- Jabal Shams

Stn 82 - Madrut

Stn 85- Az Zamah

Figure 8.29. Sub-daily rainfall accumulations for three northern and three southern stations
for select events.

8.5

HYDROLOGIC ANALYSIS

This hydrologic analysis consists of 1) a discussion on the nature and extent of
groundwater recharge in both the Oman Mountains and the eastern and western plains
regions that are adjacent to the outﬂow wadi’s of the Oman Mountains; and 2) a rainfallrunoff model simulation of a select Wadi (Wadi Ahin) that was used to investigate the
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potential hydrologic response of rainfall episodes enhanced via hygroscopic seeding. The
analysis is not meant to provide deﬁnitive results, but highlight important issues that
should be considered when thinking about rainfall enhancement
Perhaps the most important point with regards to summer enhanced rainfall is that
past scientiﬁc research suggests only minor direct recharge of the western and eastern
plain alluvial aquifers via direct inﬁltration of modern day rainfall. There is a caveat
to this, however, as some research has suggested some plains recharge. Regardless, its
contribution is likely negligible and non-existent during the summer months. Surprisingly,
little research has been done on inﬁltration dynamics on the alluvial or coastal plains
and within the mountain wadi channels. The installation of soil moisture and heat and
moisture ﬂux monitoring equipment at several sites would help to better understand the
relationship between recharge, runoff, and evapotranspiration (these are discussed more
fully in the proposal report).
8.5.1

Recharge in the Oman Mountains and the Coastal Plains

The rugged Oman Mountains are mostly bare and rocky, with little or no vegetation, and
what vegetation is found is primarily found along wadi courses where there are local
springs that originate out of these highly fractured rock systems. Many groundwater
wells have been dug in this region with the depth to water of some being more than
600 feet while others in wadi channels are nearer to the surface. The large variability in
well depths suggests a heterogamous groundwater system that is spatially unconnected.
Numerous studies have been conducted to try to determine the recharge mechanisms
to these groundwater systems (WR), primarily applying hydrogeochemical approaches.
Several studies have also been conducted to determine the existing groundwater resource
and to establish a deﬁnitive water budget and derive safe yields (MWRO 1995).
Large discrepancies between model results have been noted, with current estimates of
evaporation verses inﬁltration being only speculative, creating a possible discrepancy
in the groundwater budget. The importance of further research on recharge mechanism
cannot be understated.
Because recharge on the coastal and interior plains are likely insigniﬁcant and summertime
convective rainfall occurs primarily over the mountains, any rainfall enhancement
program should be concentrated on direct recharge mechanisms that occur over the Al
Hajar Al Gharbi mountain range. Inﬁltration occurs according to both direct and indirect
mechanisms, including:
Direct Inﬁltration via
• Bedrock via rock ﬁssures, macro-pore ﬂow, and weather zones with high
permeability
• Inﬁltration from the wadi channel and alluvium surface, through the unsaturated
zone
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Indirect inﬁltration via
• Deep bedrock seepage from the highland valley to the plain
• Seepage ﬂow from the Mountain Fronts
• Cross ﬂow from adjacent system
• Irrigation return ﬂows
Indirect inﬁltration via deep bedrock seepage from the highlands to the valley plains is
a very slow process, but evidence such as the lagged response of groundwater levels on
the Batinah Plain that correlate with precipitation observations suggests recharge as a
result of modern day mountain front and Al Hajar Al Gharbi mountain range inﬁltration.
This observations supports the idea that both the eastern and western plain alluvial
aquifers adjacent to the mountains are hydraulically connected to aquifers originating
in the mountainous areas. The Eastern Batinha Resource Assessment (EBRA) BAT/9520 concluded that the generally stable groundwater hydrographs that exhibit relatively
low frequency cycles implies that the primary source of recharge to the coastal plain is
bedrock outseepage buffered by large highland water storage which establishes a near
constant head boundary condition. This ﬁnding suggests that it would be very difﬁcult to
explicitly identify a rainfall enhancement signal in groundwater hydrographs downstream
of the mountains areas. Any evidence of an enhancement beneﬁt would need to come
through scientiﬁc experimentation of direct enhancement efforts via weather radar and
the rain gage network; and indirectly from direct wadi ﬂow and wadi underﬂow evidence
via groundwater levels found in wadi channels and from aﬂaj ﬂow volumes.
Figure 8.30 shows the location and Figures 8.31, 8.32 and 8.33 shows the response of
groundwater monitoring wells that are located in the Batinah coastal plain, which are
fairly close to the highland front. Figure 8.31 was reproduced from the EBRA study and
includes groundwater level data from the early 1970s to the early 1990’s. Figures 8.32 and
8.33 are derived from data via the Department of Water Assessment of the MRMEWR,
and extend the record through to 2001.
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Figure 8.30. Location of monitoring wells on the Batinah Plain. JT-11 and JT-12 are identiﬁed by
the dark circle.

Figure 8.31. Plot of JT-11 and JT-12 well levels, and corresponding precipitation at Mina Al Fahal
(bottom panel).
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Visually combining these two records illustrates the strong cyclical trend in the groundwater
level data. Interestingly, both seem to exhibit and upward trend in the general groundwater
level at these two locations, suggesting increased recharge over the historic period.
Figure 8.34 shows the mean precipitation for 10 stations in the Oman Mountains with
records that date back to the early 1970’s. The daily data from all 10 stations were
averaged to generate a single daily value from 1974 to 2001. Included are the 1-year and
3-year moving sum of this raw daily average. This is similar to the moving “mean” plot
of Figure 8.31, but extends through the entire record. The moving mean and moving
sums of Figures 8.31 and 8.34 reﬂect the previous 3 years and previous year and 3 years
of rainfall, respectively.

Figure 8.32. Plot of water level in well JT-11 from 1973 to 2001. Superimposed on the ﬁgure is the
linear trend line that exhibits a generally increasing water level.

Figure 8.33. Same as Figure 8.32, but for JT-12.

So the precipitation value of approximately 150 mm for 1974 in Figure 8.31 indicates
that the previous 3 years (1971, 1972, and 1973) were a generally wet period, while the 3
year moving mean of the summer of 1986 indicates that the previous 3 years (1983, 1984
and 1985) were dry.
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Well JT-12 shows a low water level in around 1986 and 1987, likely reﬂecting these
previous three dry years. Figure 8.34 extends this precipitation record, and seems to
reveal that 1995 through 1998 were particularly wet. Interestingly, Well JT-11 and JT12 show an upward trend in their reported levels through the entire period, with strong
cyclical behavior similar to the precipitation hysterisis.
Perhaps one of the most striking speculative ﬁndings of the EBRA study is that occasional,
large rainfall events do not appear to be a dominant factor controlling recharge to the plains.
Sustained recharge appears to be more reliant on a series of small to moderate events that
are imbedded within more wet periods. This suggests a perhaps counterintuitive, longterm rainfall enhancement strategy, whereby enhancement operations would become more
active during wet periods, where the marginal beneﬁt to groundwater recharge is likely to
increase when there are a series of moderate rainfall events of relatively high frequency.
During unusually dry periods, when storm events are infrequent, rainfall enhancement
efforts would likely have smaller marginal beneﬁts. Deriving this cost/beneﬁt curve would
be an important part of establishing a rainfall enhancement analysis program, and would
need to be supported by both radar-based and surface observation data and studies.

Figure 8.34. Average precipitation for 10 select stations in the Oman Mountains that includes their
1 yr and 3 yr moving sum.

8.5.2
Water Budget
A typical water budget as percentage of each component is given in Figure 8.35. The
annual average precipitation has been scaled to a value of 100 units so that the other
components (evapotranspiration, runoff, recharge, etc.) can be compared as a percentage
of the total annual precipitation.
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Figure 8.35. Estimate of mean annual water budget for the Al Hajar Al Gharbi and Batinah plain
region.

Data for this water budget were taken from the EBRA study, Figure C. The average
annual total precipitation over the Al Hajar Al Gharbi mountains is about 350 mm. The
direct evapotranspiration (62%), the direct recharge (33%) and the wadi runoff (5%) sum
to the 100 units of total precipitation. The 33 units of direct recharge from precipitation
are then broken into three components: 1) consumption (14 units or 41% of recharge),
wadi underﬂow (4 units or 13% of recharge), and highland storage and deep seepage (15
units or 46% of recharge). Note that the consumption of wadi underﬂow, highland storage
and deep seepage sum to the 33 units of recharge.
8.5.3

Rainfall-Runoff Modeling

A water balance study was conducted for Wadi Ahin, whose location is identiﬁed by the
bounding polygon in Figure 8.36. The contributing area of Wadi Ahin is a little more
than 700 km2 deﬁned by the wadi ﬂow gage at Hayl. This wadi was selected for: 1) its
proximity to Al Ain, the United Arab Emirates (within 100 kilometers) which has an
operational weather radar, 2) available rainfall and other meteorological data, 3) the fact
that other studies have been conducted for the watershed (Bright and Silva, 1998). The
watershed has a fairly dense network of rain gages (see Figure 8.36), with more than eight
active gages within or near the Wadi. Although the water budget described by Figure 8.35
is useful, it does not reﬂect the incredible amount of climatological and hence hydrologic
variability from year-to-year. Since rainfall enhancement activities would need to be
strategically developed to take advantage of both climatological/meteorological and
hydrologic conditions, it is imperative that analysis be conducted of the water budget
components during different hydrologic regimes. For example, a hydrologic model might
be useful in determining if it is signiﬁcantly more beneﬁcial to perform seeding activities
during summers that have followed exceptionally wet winter episodes.
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The WEAP rainfall runoff and water resource planning model (see Appendix D) was used
to simulate the hydrologic response of Wadi Ahin for the period 1995 to 1999. The daily
rainfall and climate data were extracted from the MRMEWR data base for all stations
within the watershed boundary. Since there is very little variability in land cover type over
the watershed, which is dominated by Paleozoic and Precambrian rock formations, the
rain gages were used to delineate the sub-catchment boundaries. The Al Hajar Al Gharbi
mountain range consists of a large anticline rising up to 3000 meters at the summit of
Jabal Shams, composed primarily of highly fractured and faulted siltstone and limestone
formations.

Wadi Ahin

Figure 8.36. Schematic of Wadi Ahin, and its representation in the WEAP modeling environment.
The red marks indicate the relative location of the rain gage placed over the watershed and represent
the sub-wadis, the blue line the wadi, the red lines the connecting elements between the sub-wadis
and the main wadi, and the green squares are the WEAP alluvial groundwater elements, and the
small black dots the other rain gages in the watershed.

The geologic complexity of these mountains is formidable, thus no attempt is made
to represent it in terms of rigorous model parameters. Instead, the sub-catchments are
characterized in the model according to an average set of model parameters that are
meant to reﬂect the general nature of the runoff response mechanism of Wadi Ahin. The
sub-catchment’s hydrologic response was characterized in the model to reﬂect a fairly
high surface runoff response under greater precipitation events, with a relatively shallow
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surface water storage capacity. Thus, precipitation leads to rapid ﬁlling of the soil moisture
storage, a quick runoff response, and then rapid drying after a rainfall event. Each rain
gage represents a fraction of the total catchment area, so for example the red mark labeled
G117 represents the point rainfall estimate which is then multiplied by the sub-catchment
area to give the total precipitation volume for the sub-catchment. The sum of the individual
sub-catchment responses is then an estimate of the total watershed response at the lowest
point in the watershed, which is deﬁned by the Wadi Ahin streamﬂow gage at Hayl. Table
1 shows the contributing areas given for the ﬁve gages.

Table 8.2. Range gages and their representative area for the Wadi Ahin catchment..

Rain Gage
G110
G111
G112
G116
G117
G118
G123
TOTAL

Area (km2)
110
37
110
146
110
73
146
732

Figure 8.37 shows the average gage precipitation (dark line) and running monthly sum of
the gage average (light line) for the period 1995 to 1999 from all seven rain gages. Figure
8.38 shows the total annual precipitation volume over Wadi Ahin for the same ﬁve year
period, and annual precipitation based on an experiment where the summer precipitation
values were increased by 10% per event which is conservative considering the results
from the South African and Mexican experiments (see Section 4.2). The years 1996, 1998
and 1999 were characterized by relatively low precipitation, while 1995 and 1997 were
high precipitation years especially 1997. Strikingly, the 1995 water year had relatively
low wintertime precipitation, but high summer precipitation. The 1995 summer rainfall
was dominated by a single July precipitation event- a tropical cyclone with southern,
Indian Ocean origin that is clearly evident in Figure 8.37 (the highest precipitation total
for the entire period). Note that after this large event, there were sequences of smaller
rainfalls in the summer of 1995, most likely convective in origin and perhaps supported
by the large scale soil moisture conditions as a result of the July tropical cyclone. The
1997 water year was more dominated by wintertime rainfall, but also showed the greatest
amount of precipitation persistence, with rainfall occurring during almost all months of
the year, although the summer rainfall amounts were smaller than in 1995.
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Figure 8.37. Rainfall over Wadi Ahin.

Figure 8.39 shows a scatter plot of daily simulated vs. observed streamﬂow for the period
1995 to 1999. The model tends to overestimate the two largest events (marked in the
circle), which bias the overall estimation. The model also tended to over predict the
occurrence of wadi ﬂow when none were actually measured. Note along the x-axis (or
time axis), the occurrence of model estimated runoff when there was no observable runoff
as estimated by the streamﬂow gage at Hayl.

Figure 8.38. Total precipitation volume over Wadi Ahin for the 5 years of the study period.

The results just described and shown in Figure 8.39 are meant to be a measure of model
validation, to determine if the model is robust enough to capture different hydrologic
realities (wet and dry periods, for example). Because it is a continuous ﬂow model
and does explicitly treat streamﬂow through the wadi bed, it was not surprising that the
model tended to overestimate streamﬂow. Streamﬂow loss to the alluvial aquifer is given
as a percentage of the ﬂow along each reach. Given this fact, however, the modeled
streamﬂow estimates were reasonable.
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Figure 8.39. Daily modeled vs observed streamﬂow for the period 1995 to 1999.

The WEAP water model was also used to estimate the annual water budget in similar
fashion to the budget analysis presented in Figure 8.35, but under different hydrologic
regimes such as the wet and dry periods that are characteristic of the 1995 to 1999 period.
Figure 8.40 shows the sum of the relative, near-surface soil moisture for each sub-wadi. The
surface soil moisture has a short memory, quickly drying after measurable precipitation.
Only 1995 had elevated summer soil moisture and higher precipitation relative to the
other years. Despite 1996’s modest total rainfall volume, it appears there was a sequence
of smaller events relatively close together that kept the surface soil moisture relatively
high, leading to a higher evaporative fraction. The 1999 water year was extremely dry,
with only a few light spring rainfall events, with watershed soil moisture exhibiting only
slight changes. The simulated annual water budget for Wadi Ahin is given in Figure 8.41
as each component’s ratio relative to that year’s total precipitation. The 1997 water year
was exceptionally wet, with total precipitation double the amount of most other years
in the analysis with the exception of 1995. The year 1999 was quite dry with very little
precipitation, and in fact, the streamﬂow gage at Hayl recorded no discharge events for
the entire year.
The pie-charts of Figure 8.41 are easiest to read counter-clockwise, starting with
evapotranspiration as depicted by the light blue color. For 1995, Figure 8.41 shows that
evapotranspiration’s loss to the atmosphere was 67% of the total precipitation that fell
during that year. Wadi outﬂow at Hayl was 16% of precipitation, the alluvium recharge
directly below the wadi was 12%, the net change in total near-surface soil moisture was
increase of 5%, and the overall change in the “deep” storage throughout the watershed
was negligible. These ﬁve components sum to 100%. The 1996 water year was much
drier. What water was held in storage was largely lost to evaporation, and in fact, the
percentage of rainfall that evapotranspired, increased to 77% of that year’s total rainfall.
Wadi outﬂow and alluvium recharge represent 14% and 15% of the total annual 1996
precipitation.
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Figure 8.40. Aggregate total soil moisture of all sub-wadi’s for the simulation period.

What water was held in storage from the previous year (1995) is largely lost to
evapotranspiration, thus the overall soil moisture storage decreases by 7% and the deep
watershed storage remains unchanged. Again, the sum of all these components sums to
100%. The 1997 water year was the largest of all ﬁve analyzed, but recall that the majority
of this rainfall occurred during the winter months. Evapotranspiration as a percentage of
the total rainfall was smaller, only 64% of the total precipitation, while wadi outﬂow and
alluvium storage represented 15% and 13% of rainfall, respectively. Despite the much
wetter conditions, the overall change in net near surface soil moisture was quite small,
at only 2%, while the overall change in the deep watershed storage was the largest at 6%
of total precipitation. The net change in near-surface soil moisture storage was smaller
because summer evapotranspiration rates are much higher than winter, so water that was
held in storage going into the summer months either percolated to the deeper storage zone
or was lost to evapotranspiration. The 1998 water year was also low, with comparable
winter and summer rainfall totals. Eighty percent of the year’s rainfall evapotranspired,
and less than 10% of the rainfall was converted to runoff that exited the wadi at Hayl,
as was most of the residual near surface soil moisture (24%). Surface water outﬂow
was negligible, while the remaining water recharges the below-wadi alluvium. Alluvium
recharge represented 15% of the annual precipitation, while the net soil moisture change
was negative, at 4% of the year’s precipitation.
The 1999 water year was the driest, as more than eighty percent of the year’s rainfall
evapotranspired, with practically no wadi outﬂow (Hayl had no measured discharge in
1999). The remaining precipitation is lost to alluvium recharge, while there is a major
loss of the residual near surface soil moisture (24%). There is negligible change in deep
water storage.
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Figure 8.41. Pie charts describing the percentage of each water budget component as a percentage
of that year’s precipitation total.

8.5.4

Hydrologic Response of Rainfall Enhancement

A contrived rainfall enhancement experiment was conducted with the WEAP rainfallrunoff model, where summer precipitation amounts were increased by 10% for each of
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the rain gages and for the summer months of June, July and August. This is not to indicate
the potential of summertime, convective precipitation enhancement, but was used to
understand the sensitivity of the hydrologic system to change in precipitation amounts.
Also, because the rainfall data are a daily accumulation, the sub-daily distribution of
precipitation is not taken into account, and could also have major ramiﬁcations on
the surface hydrologic processes. For example, some evidence suggests that rainfall
enhancement increases the duration and areal extent of convective a system, and not
necessarily the intensity of rainfall. More intense rainfall likely leads to increased
surface runoff, but less overall watershed recharge. Higher intensities would likely lead
to greater wadi alluvium storage, but not necessarily greater overall soil moisture storage
throughout the entire watershed. Greater duration and areal extent would likely lead
to greater overall watershed beneﬁts, because precipitation volume over the watershed
would be greater, and the rainfall that strikes the surface at lower intensity would have a
greater inﬁltration opportunity. However, rainfall held in the near surface soil column, that
does not deeply inﬁltrate, will also have greater opportunity to evapotranspire, especially
during the summer months when convective rainfall events are relatively short. Once
the convective systems dissipate and precipitation ends, the potential evapotranspiration
increases rapidly, leading to greater near surface drying.
The modeling results (Figure 8.42) are presented in similar fashion to the base case shown
in Figure 8.41, given as pie charts of the percentage of each water balance component
relative to the total precipitation. Presenting the results in this manner allows one to see
how rainfall enhancement might alter the partitioning of the different water balance
components. Note that the 10% increase in summer rainfall does not translate into a 10%
increase in total annual rainfall. The 1995 water year was dominated by summer rainfall,
and thus shows a bigger relative increase, while the other years had a smaller portion of
summer rainfall. For example, the 1997 total annual rainfall increases by 5% under this
scenario of a 10% increase in summer precipitation.
The results for 1995 show an interesting result, with evaporative fraction decreasing
from 67% to 60%, with the other components remaining equal except for the increased
watershed storage, which accounts for the 7% difference in evapotranspiration. The
heavy July 1995 storm creates more deep inﬁltration that is stored in the watershed. A
plot of the relative, deep soil moisture storage is given in Figure 8.43, and shows the
steep increase after the large July 1995 month of rainfall. Most important in comparing
the base water budgets (Fig. 8.41) to the increased summer precipitation budgets (Fig.
8.42) is the evaluation of the relative change in the evapotranspiration fraction. If there
is a disproportionate increase in evapotranspiration with summer enhancement, it would
mean a decrease in direct enhancement beneﬁts.
The summer enhancement experiment implies increased volumes of precipitation (see
Figure 8.38) on all sub-wadis. Note that the summer of 1999 increase is negligible, since
what little rain that did fall was conﬁned to the winter and spring periods, with little
summer precipitation. The 1996 and 1998 enhanced-based water years showed slight
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declines in the evaporative fraction when compared with the base case and, in some cases,
corresponding increases in the storage components and outﬂow.

Figure 8.42. Same as Fig. 8.41, but for the enhancement experiment.

The water budget elements for the 1997 enhancement experiment showed similar
proportions to that of the 1997 observed year (no enhancement, Fig. 8.41). This implies
that the roughly 10% increase in summer precipitation translates into an approximate
5% increase in each of the annual water balance components (recall that the summer
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enhancement leads to a 5% increase in total annual rainfall). However, it must be
emphasized that the above analyses are based on rain gage measurements of precipitation.
As mentioned earlier rain gages may underestimate the rainfall from convective events
and as these convective events occur mostly in during the summer months the above
estimate of the rainfall enhancement potential must be viewed as conservative. This
analyses should again be conducted once radar derived rainfall estimates are available
for the region.

Figure 8.43. Accumulated alluvium storage for the historic period and for the summer, 10%
enhancement experiment for the period 1995 to 1999.

8.6

SUMMARY AND IMPLICATIONS FOR RAINFALL ENHANCEMENT

Previous studies by Osterkamp et al. (1995), Bright and Silva (1998), and others
have shown that the major near-surface unconﬁned aquifers receiving recharge from
precipitation in a reasonable timeframe are those near the Oman Mountains. West of
the Oman Mountains, in the dry, dune plains of the UAE, there is no surface recharge
from rainfall to groundwater reservoirs of any useful signiﬁcance. In particular, results
presented in this report show data suggesting that the alluvial aquifer systems in and
around the Oman Mountains are sensitive to strong, sustained rainfall events. Therefore,
a long-term rainfall enhancement program would have to strategically target the Oman
Mountain region to derive any groundwater recharge beneﬁt within a timeframe consistent
with the discounted costs of rainfall enhancement.
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Analyses of different wadis using observations, estimates, and models have shown how
complex the response of groundwater and aquifers is to precipitation, and how limited
the data are for drawing deﬁnitive conclusions on the nature of groundwater recharge
and the sustainability and safe-yields of alluvial aquifers. For example, some aquifers
likely have favorable recharge zones that lead to higher fractions of rainfall that become
recharge. Osterkamp et al. (1995) studied water-balance ﬂuxes for 17 hydrologic basins
that serve the Abu Dhabi Emirate and estimated that the variation in recharge as a fraction
of total annual rainfall was between 6.4% and 14.9%. This implies that certain wadis are
more “efﬁcient” at transferring rainfall into aquifer recharge and suggests that rainfall
enhancement efforts might beneﬁt from identifying the most efﬁcient wadis. However,
a water supply/demand analysis was performed with the Water Evaluation and Planning
(WEAP) model, and clearly demonstrated that current water withdrawals from alluvial
aquifers are likely much greater than recharge rates, and water demand reduction
strategies would be needed to maintain groundwater levels, irrespective of any rainfall
enhancement program.
While sustained rainfall events usually occur in the winter in the UAE, the target of
hygroscopic seeding has typically been summertime convective clouds. If rainfall
enhancement were to focus on summertime convective clouds as well as winter frontal
systems, a critical question is whether or not these summer convective storms lead to
signiﬁcant recharge. From observations of current data, it appears that larger summer
convective rainfall events, with certain location, intensity and duration characteristics,
lead to localized recharge of certain aquifer systems. For example, Wadi Siji’s largest
peak ﬂow occurred during a summer event, but apparently with little response on the
overall groundwater system. Whether or not this event led to localized recharge is difﬁcult
to determine, since: 1) the data are suspect, based on consistency studies and modeling,
and more importantly, 2) the extent of these July storms over the area was not known.
The WEAP analysis suggests little beneﬁt from summer enhancement, as the majority
of summer convective rainfall evapotranspires. One cautionary not is that the analysis
was carried out on a monthly time-scale, therefore rainfall intensities are not adequately
represented. If summer convective rainfall exhibits high relative intensity, there is the
possibility that it leads to wadi channel ﬂow and transmission loss and recharge along
the wadi.
The importance of collecting and examining high-quality rainfall data cannot be
emphasized enough. To help address this issue, the DWRS is developing weather radar
capability with the goal of producing quantitative precipitation estimates at high spatial
and temporal resolution. This capability should greatly enhance the ability to simulate
rainfall-runoff mechanisms and the understanding of what type of rainfall events generate
wadi ﬂows, which are quite complex, as evidenced by the ﬂood discharges observed and
highlighted for Wadi Siji. Because runoff generating mechanisms are highly non-linear,
there could be cases where discharge could be enhanced due to cloud seeding, but because
the nature of the intensity, depth, and areal distribution of rainfall over wadis is currently
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not known, it is difﬁcult to estimate these discharge relationships. In essence, geohydrologic realities will likely be a signiﬁcant determinant of the effectiveness of a rainfall
enhancement program and should be understood to the best of our ability. Eventually, it
will be necessary to calculate the unit cost of water derived from rainfall augmentation,
which should be compared with other techniques to assess its competitiveness.
We are also suggesting that the DWRS increase their surface observations of rainfall by
installing additional surface rain gages in strategic locations in and around the Oman
Mountains. The DWRS should collaborate on this effort with the MAF in Dubai, which
has several surface weather stations that record rainfall. This collaboration could reduce
the number of rain gages that the DWRS needs to deploy. These do not have to be
expensive, sophisticated instruments, but can be self-recording gages, whose data are
periodically retrieved. While there will likely be biases in the radar-based precipitation
estimates relative to the surface observations, it is hoped that these will be systematic,
thus adjustable and of more use to surface hydrologic analysis.
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Section

9

SUMMARY &
RECOMMENDATIONS

Summary & Recommendations
More rapidly increasing demands for water globally and the apparent predicted severe
shortage of water resources, especially in the United Arab Emirates, required the authorities
to initiate fast-track studies into the potential for enhancing the sources, storage, and recycling
of freshwater. Destruction and loss of life due to climate change that was based on recent
evidence is occurring more rapidly and severe weather, which is increasing with population
growth and changing demographics, require that we examine ways to reduce these detrimental
impacts to the UAE society. In addition, there is ample evidence that human activities, such as
the emission of industrial air pollution, and pollution advected from Asia, Europe and Africa
into the region is altering atmospheric processes in the Arabian Peninsula and Gulf region
on scales ranging from local pollution and precipitation patterns to global climate. These
inadvertent impacts on weather and climate require a concerted and fast-tracked research
effort. The Ofﬁce of H.H. the President, in response to this situation, in 2000 established
the Department of Water Resources Studies in the Ofﬁce of H.H. the President. This highlevel decision was taken because at that time the UAE lacked such an institution that could
address water and environmental issues in a coordinated and integrated manner. Speciﬁcally,
DWRS was tasked to initiate studies to look into alternative water resources such as rainfall
enhancement via cloud seeding.
Additional advances in observational, computational, and statistical technologies have
been made over the past two to three decades that could be applied to weather modiﬁcation.
These include, respectively, the capabilities to (1) detect and quantify relevant variables
on temporal and spatial scales not previously possible; (2) acquire, store, and process vast
quantities of data; and (3) account for sources of uncertainty and incorporate complex
spatial and temporal relationships. Computer power has enabled the development of
models that range in scale from a single cloud to the global atmosphere. Numerical
modeling simulations—validated by observations whenever possible—are useful for
testing intentional weather modiﬁcation and corresponding larger-scale effects.
A signiﬁcant part of the advances projected from applying the current intellectual and
technological tools to solving critical uncertainties in weather modiﬁcation will produce
results well beyond the initial objective and will lead to applications in totally unexpected
areas. For example, the ability to make useful precipitation forecasts, particularly from
convective storms and air pollution levels in the UAE became a valuable by-product of
weather modiﬁcation research. The effectiveness of cloud seeding is highly dependent on
air pollution levels because recent ﬁndings have indicated that air pollution can reduce
rainfall in certain regions and that seeding can rectify these detrimental results.
Encouraged by recent results from hygroscopic cloud seeding (a relatively new technology)
in other parts of the world and by improved measurement systems, the government of the
UAE, through the Department of Water Resources Studies of the Ofﬁce of His Highness
the President, undertook a study to assess the potential beneﬁts of rainfall enhancement
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via hygroscopic seeding as a means to support freshwater resources.
During the past four years DWRS has through its work gained international recognition
for its efforts such that many international institutions and organizations are now looking
at DWRS as an example of a successful and state of the art institution with respect to
environmental and water resources issues. Some of the major achievements over the last
four years are:
•

•

•

•
•

Rainfall enhancement via cloud seeding studies. These studies in the UAE
were the most advanced in the region and other countries in the region are now
following the example of DWRS
Air pollution monitoring and studies. The ﬁrst ever airborne measurement
campaign of air pollutants was conducted by DWRS and indicated high levels
of pollution over the UAE.
Because of the advances accomplished by DWRS, NASA developed a
multinational collaborative program with DWRS to conduct climate change
studies in the region.
Building of infrastructure and human resources including a state of the art
network of observing platforms.
International interest in the work of DWRS from research institutions around the
world including NASA, NRL, in the U.S. and many institutions in Europe and
other parts of the world.

These achievement were only possible through your sustained support and rapid responses.
The following paragraphs provide a summary of the results discussed in the report.
9.1

INFRASTRUCTURE & TRAINING (PHASE 1)

A signiﬁcant part of the study involved building infrastructure and performing ﬁeld
work – the intensive collection of observations during six ﬁeld project periods (winter
and summer of 2001 and 2002 and summers of 2003 and 2004). Numerous people
contributed to the ﬁeld efforts, and many opportunities arose to train and educate UAE
personnel on all aspects of the ﬁeld projects (see attached training presentations on CD).
The training presentations cover all aspects of the program including radar meteorology,
airborne instrumentation and measurements, numerical modeling, etc. In addition, with
the involvement of the University of Witwatersrand in South Africa and aircraft from
the South African Weather Service, this program provided the opportunity to extend
education and training to UAE and other scientists working in weather modiﬁcation and
related ﬁelds. Several students will receive their Master’s and PhD degrees based on data
collected during this program.
To assist in collecting and archiving quantitative data from a network of radars coordinated
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through DWRS, NCAR installed TITAN/CIDD software on computer systems at several
locations and provided training and guidance on the operation of these systems. Substantial
effort was expended in integrating and networking these systems with the radars and
DWRS, and in evaluating the capabilities of the radars themselves. Over the past four
years, NCAR radar engineers identiﬁed several problems with the operation of the radars,
some of which were resolved and others that require further efforts.
One area of particular concern involved using the EEC EDGE radar processor, controller, and
display system. Its original design was meant for highly automated radar operations and for
providing qualitative information to users who were not well versed in radar meteorology. As
the radars were inspected, calibrated and conﬁgured for research/operational use, the system
proved to be difﬁcult to both understand and program accurately. It turned out to be overly
complex, insufﬁciently documented, and generally unsuitable for the collection of quantitative
radar data. Communications problems also plagued this system, causing data dropouts (missing
beams of data) at moderate data rate and network speeds. After considerable investigation,
these problems were largely resolved. In preparation for the randomized experiment and
its data requirements, NCAR developed a new, simpler radar processor board that was
implemented in 2003. With the new processor board, calibration and maintenance of the radar
became easier and ﬁve-minute volume scans could be implemented resulting in high-quality
quantitative reﬂectivity and Doppler data collection. Based on the successful implementation
of the new processor in the UAE, similar processors were also implemented on two Mexican
radars for the North American Monsoon Experiment (NAME) in 2004.
Another complicating feature of the radar data in the UAE is “clutter”, caused mainly by
anomalous propagation (AP). AP is particularly problematic in the Arabian Gulf because of
the extreme vertical gradients in moisture and therefore refractive index, resulting in severe
ducting of the radar beams. This was also a major problem during the ﬁrst Gulf War when
AP problems were encountered with radar guided weapons. Normal ground clutter and sea
clutter is exaggerated during periods of AP, which commonly occurs when the nocturnal
inversion develops with a high moisture gradient near the surface. The Radar Echo Classiﬁer
(REC) routine used in the USA radar network was implemented for the UAE network. This
algorithm, which is designed to reject AP and sea clutter, was just recently tuned for the UAE
environment and is still being evaluated. While it is generally successful in removing ground
returns or “clutter” in the radar data, the algorithm’s success is related to the radars’ abilities
to collect accurate Doppler velocities as well as continuous data (no missing beams). Based
on the results discussed in the following paragraphs it is also important to enhance
the infrsastructue of the UAE by adding a multiparameter radar and possibly a windproﬁler-radiometer station near the Oman Mountains.
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9.2

PRECIPITATING SYSTEMS: THE IMPLICATIONS OF LOW
FREQUENCY FOR CLOUD SEEDING TO ENHANCE RAINFALL
(PHASE I)

Past climatological studies have identiﬁed the winter season (December-March) as
accounting for the bulk of rain in the UAE. Based on these studies the UAE had conducted
operational cloud seeding experiments during the early 1990’s but without an evaluation
component. The climatological studies were based on reporting stations located primarily
along the northern coast or in the Gulf because no rainfall measurement stations existed in
the mountainous regions. Troughs, depressions and the occasional front, moving into the
region from the west and northwest, result in large-scale systems that provide signiﬁcant
rainfall. Strong systems with convective instability occur infrequently, perhaps twice a
year, while weaker systems occur much more often, resulting in periods of extensive
cloud cover and light rain or drizzle. No major strong synoptic events occurred during the
2001 winter project, and studies were extended into 2002 to supplement the 2001 data.
However, no strong systems occurred in the winter of 2002 either, emphasizing the fact
that the annual rainfall in the UAE is highly variable – the standard deviation being larger
than the mean.
Approximately four episodes, with limited convection, occurred in the winter of both
years, and these provided an opportunity to characterize the nature of the winter clouds
and systems under the best of conditions. General cloud conditions during these episodes
consisted of widespread stratiform clouds with embedded convection. These types
of conditions make it difﬁcult to identify persistent updraft regions and are therefore
difﬁcult to seed. Aircraft measurements of the cloud droplet sizes showed fairly narrow
distributions, which are characteristic of continental clouds and generally favorable for
modiﬁcation through hygroscopic seeding. But the droplet concentrations were quite
variable (a couple hundred cm-3 to over a thousand cm-3), which reﬂects potential CCN
ﬂuctuations and the variable updraft conditions associated with these winter systems.
There also were marked differences between high-based clouds and clouds rooted in the
boundary layer, which again likely reﬂect CCN variations. The best days tended to be
late in the winter season (March into April) and hence were more like summer conditions.
Therefore, based on the numerous cloud investigations, seeding trials, and radar
depictions indicating only limited opportunities for seeding (less than ﬁve days during
the winter), it was concluded that winter clouds rarely produce conditions that are
sufﬁciently convective with warm cloud bases and identiﬁable updrafts to effectively
seed with hygroscopic ﬂares.
Convective rainfall over the Oman Mountains during the summer season is a phenomenon
that is widely known to local meteorologists but is not described adequately or is nonexistent in climatological studies. Although the Al Ain rainfall records show a slight
indication of a summer convective component, the frequency and importance of mountain
rainfall is not well documented. Radar summaries for the 2001 and 2002 summer seasons
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show that the vast majority of convective storms occurred over the Oman Mountains, southeast
of Al Ain and northward. A number of convective storms also formed in the south-central
sections of the UAE (the Liwa region in particular), and some storms extended westward from
the mountains into the coastal areas. Storms over the Oman Mountains east and southeast of
Al Ain (in Omani airspace) consistently developed earlier and more often than over areas in
UAE airspace to the north. It is important to note, as described in the hydrology section, that
convective storms to the east of Al Ain in Oman are still major contributors to groundwater
resources in the UAE. Unfortunately, a large percentage of the mountain storms occurred
in Omani airspace and were not accessible for aircraft studies in 2001.
During the summer studies in 2002, permission was obtained to extend the aircraft ﬂights
into Oman. The subsequent aircraft measurements were successful in verifying that
the storms in Oman were microphysically consistent with the UAE storms sampled in
2001 and 2002. Furthermore, special ﬂights were made to document the nature of CCN
and other aerosols across the Oman Mountains, from the Gulf of Oman to the Al Ain
region. These showed continental conditions (high concentrations of CCN and aerosols)
throughout the region, suggesting that storms formed on either side of the mountains
would be microphysically similar and generally amenable to hygroscopic seeding.
Most of the convective storms that developed during the summer months were relatively shortlived. The short lifetimes of the thunderstorms act to minimize the window of opportunity for
cloud seeding. Accurate prediction of these situations is therefore important for planning
seeding operations. Analyses of different atmospheric thermodynamic indices suggested that
some of them could be useful in the prediction of convective events. Another important tool
developed for the program was the implementation of a mesoscale forecast model (described
in section 5). Besides the needs for ﬁne-scale forecasting, these ﬁndings also suggested
that a quick response time to initial convection is important. Therefore, arrangements were
negotiated in 2003 to base an aircraft at Al Ain (relocated from Abu Dhabi) for part of the 2003
and all of the 2004 ﬁeld project period to provide for shorter response times.
In order to conduct an evaluation of potential rainfall increases in a randomized cloud seeding
experiment, a large number of samples (on the order of 200-250) are needed. Because cloud
seeding opportunities occur so infrequently during the winter season, it would be impractical
to conduct a randomized cloud seeding experiment during this time of the year. However,
during the summer, suitable convective clouds develop on about a third of the days, and
treating 2-4 storms on each of these days seemed reasonable. Based on these results a
randomized seeding experiment was started in 2003, targeting the Oman Mountains in
particular, including regions in the UAE and in Oman (with cooperation from the Oman
government).
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9.3
9.3.1

SUMMARY OF FLIGHT OPERATIONS (PHASE I AND II)
Phase I studies

In summary, a total of one hundred seventy-eight research and seeding ﬂights and twenty-two
instrument calibration ﬂights were conducted, totaling 417 ﬂight hours. There were ﬁfty-seven
ﬂights (106.5 hours ﬂown) during the Winter 2001 campaign, forty-one ﬂights (91.5 hours
ﬂown) during the Summer 2001 campaign, forty-eight ﬂights (102.3 hours ﬂown) during the
Winter 2002 campaign, and ﬁfty-four ﬂights (116.7 hours ﬂown) during the Summer 2002
campaign.
During the Winter 2001 ﬁeld project, twenty-four ﬂights on nineteen days were made to study
cloud microphysical properties, document precipitation processes, and conduct cloud seeding
experiments. Twenty-six ﬂights were conducted solely to obtain atmospheric aerosol and
trace gas information to assess the natural background aerosol and pollution levels and their
impact on cloud seeding experiments. Seven additional ﬂights were also conducted to test
and calibrate instrumentation. One hundred sixty-eight hygroscopic ﬂares were burned on ten
days, either as tests or to conduct cloud seeding trials.
During the Summer 2001 season, nineteen ﬂights on eighteen days were made to study
cloud microphysical properties, document precipitation processes, and conduct cloud
seeding experiments. Eighteen ﬂights were conducted solely to obtain atmospheric aerosol
and trace gas information to assess the natural background aerosol and pollution levels and
their impact on cloud seeding experiments. Four ﬂights were conducted to test and calibrate
instrumentation, although one of them also included cloud penetrations. Seventy-eight ﬂares
were burned during eleven ﬂights, both as tests and as seeding trials. No seeding opportunities
occurred after 13 August.
During the Winter 2002 ﬁeld project, twenty-four ﬂights on seventeen days were made to
study cloud microphysical properties and document precipitation processes. Nineteen ﬂights
were conducted solely to obtain atmospheric aerosol and trace gas measurements. Five test
ﬂights were conducted to check out aircraft systems or to test and calibrate instrumentation.
A total of two hundred eight hygroscopic ﬂares were burned on ﬁfteen days, four of which
consisted of tests only. Filter pack collections were made during two of these test burns.
During the Summer 2002 season, twenty-three ﬂights on twenty-three days were made to
study cloud microphysical properties and document precipitation processes. Twenty-ﬁve
ﬂights were conducted mainly to obtain atmospheric aerosol and trace gas observations.
However, four of those ﬂights also presented opportunities for cloud studies. Six
additional ﬂights were conducted to test aircraft systems and calibrate instrumentation,
and during the ﬁrst of these, some cloud penetrations were made. Cloud seeding tests
and operations were conducted on eighteen days and used a total of one hundred ninety518

two hygroscopic ﬂares. Nearly all of the seeding trials were performed on convective
clouds deemed capable of developing precipitation and likely to respond to hygroscopic
seeding.
Factors affecting the operation of a seeding project were identiﬁed through the experience
gained from the numerous ﬂights: 1) stratiform clouds, even those with embedded convection,
provided few visual clues on location of signiﬁcant updrafts; 2) ﬂights during the hours of
darkness were counterproductive in identifying and investigating good cloud conditions; 3)
many of the convective clouds in both winter and summer were short-lived and difﬁcult to
sample in a timely manner; and 4) using visual observations from the ground provided the best
“nowcast” on the initial formation of clouds, rather than waiting for the ﬁrst echoes to appear.
These factors emphasize the desire to work primarily in the summer on convection over
the Oman Mountains, to limit operations to the daylight hours, and to be based near the
Oman Mountains (such as Al Ain) for visual observations and rapid response to developing
convective clouds.
During the Summer 2003 ﬁeld project, sixty-six ﬂights were made by Research 1 and
seventy-six ﬂights were made by Research 2 for a grand total of 142 ﬂights. There were
seventeen cases treated by Research 1 and forty-two cases for Research 2 for a grand
total of ﬁfty-nine cases. Research 1 used 183 ﬂares and Research 2 used 215 ﬂares for a
grand total of 408. Approximately eight specialized research missions by Research 1 (out
of seventeen attempts) collected usable data. Between both aircraft in 2003, 227 hours
were ﬂown.
During the Summer 2004 ﬁeld project, seventy-ﬁve ﬂights were made by Research 1 and
eighty-three ﬂights were made by Research 2 for a total of 158 ﬂights. Twelve cases were
treated by Research 1 and sixty-three cases by Research 2 for a total of seventy-ﬁve cases.
Research 1 used 59 ﬂares and Research 2 used 326 ﬂares for a grand total of 385 ﬂares
used on treated cases. Fifteen special experiment types were ﬂown by Research 2. A total
of 271.5 hours were ﬂown by the two aircraft in 2004.
As was found in 2001-2002, clouds usually occurred over the mountains; hence the
concentration of ﬂights to the east. Authorities in Oman kindly granted permission that
allowed ﬂights into Oman airspace east and southeast of Al Ain during both seasons.
However, some clearance restrictions prevented complete cloud studies throughout the
UAE and Oman airspaces. The region devoid of ﬂights between Abu Dhabi, Dubai and
Al Ain is an Air Force restricted area and ﬂights were rarely allowed into that airspace.

9.3.2

Phase II studies

During the Summer 2003 ﬁeld project, sixty-ﬁve ﬂights were made by Research 1 and seventysix ﬂights were made by Research 2 for a grand total of one hundred and fourty one ﬂights.
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There were seventeen cases for Research 1 and fourty two cases for Research 2 for a grand
total of ﬁfty nine cases. Research 1 used one hundred and eighty three ﬂares and Research
2 used two hundred and ﬁfteen ﬂares for a grand total of four hundred and eight ﬂares used.
Research 1 had eight experiment types and there were none for Research 2.
During the Summer 2004 ﬁeld project, seventy ﬁve ﬂights were made by Research 1 and
eighty three ﬂights were made by Research 2 for a grand total of one hundred ﬁfty eight
ﬂights. There were twelve cases for Research 1 and sixty three cases for Research 2 for
a grand total of seventy ﬁve cases. Research 1 used ﬁfty nine ﬂares and Research 2 used
three hundred and twenty six ﬂares for a grand total of three hundred eighty ﬁve ﬂares used.
Research 1 had ﬁfteen experiment types and there were none for Research 2.
Research 2 treated signiﬁcantly more cases than Reearch 1, mostly due to the fact that Research
2 operated out of Al Ain for most of its cases. Also, Research 1 shared its time between
research ﬂights and seeding ﬂights, while Research 2 was the primary seeding aircraft.

9.4

NATURAL AEROSOLS, PRECIPITATION DEVELOPMENT, &
IMPLICATIONS FOR CLOUD SEEDING (PHASE I & II)

Descriptions and analyses of airborne aerosol and microphysical observations and of
radar data comprise a major portion of the work (see attached reports and publications).
The collection of aircraft measurements was an essential component of the program.
The summary of ﬂights by the research aircraft during Phase I show that a total of 200
ﬂights were made, equally split between summer and winter as well as between 2001 and
2002. About half of the ﬂights collected microphysical data in clouds and precipitation,
with seeding trials having been performed on about half of those ﬂights. Microphysical
observations of cloud droplets and aerosols show continental conditions in both the UAE
and Oman during the summer. More varying conditions exist during the winter, mostly due
to weaker cloud conditions (higher clouds and lower updraft speeds). During the 2001 and
2002 winter seasons, radar summaries showed that no hydrologically signiﬁcant rainfall
events occurred over the UAE. For the 2001 and 2002 summer seasons, radar studies
show that the vast majority of convective storms occurred over the Oman Mountains,
southeast of Al Ain and northward, though they were relatively short-lived.
Instruments were ﬂown that measured cloud microphysical parameters, aerosol characteristics,
and trace gas concentrations. This suite of instruments combined to provide information about
natural conditions important to cloud and precipitation development. For example, emissions
of SO2 into the atmosphere result in the production of aerosols through oxidation. Highest
concentrations of these particles were expected to occur in the vicinity of the highest emissions
of SO2 in the UAE region. This is due to the fact that the synoptic conditions over the UAE
are dominated by anticyclonic circulations, with low wind speeds and stagnant air. In addition,
the afternoon and evening sea breeze could bring many of these pollutants onshore from oil520

related industries in the Gulf. CN aerosol concentrations were indeed found to be highest at
identiﬁed SO2 sources. These aerosols can be very effective CCN and therefore have the
potential to inﬂuence cloud microphysical processes and rainfall production efﬁciencies.
Measurements of CCN showed that background levels were enhanced due to local pollution
sources in the region, which resulted in higher cloud droplet concentrations in clouds, making
them more continental in nature. These are conditions generally thought to be more amenable
to seeding with hygroscopic ﬂares to enhance rainfall, since the polluted background particles
generally work to suppress precipitation development. When mineral (desert) dust exists
in conjunction with sulfates (and possibly other pollutants), the dust particles can become
coated with sulfate, making them more active as cloud condensation nuclei. This is especially
important in the UAE region where both sources exist and likely have an impact on the
precipitation processes in clouds. In 2002, ﬁlters for detailed examination under electron
microscopes were collected to determine the composition of the aerosols and assess whether
sulfate coating of dust particles occurred and was signiﬁcant. Numerous ﬁlters were collected
over different regions of the UAE during both the 2002 winter and summer. TEM and SEM
images of the particles indicate that all three major aerosol types occur over the UAE (mineral
dust, sea salt and anthropogenic) and are abundant over most regions of the UAE. While many
of the desert dust particles contained sulfate incursions on them, there was no clear indication
of dust particles completely coated with sulfate. Instead, aggregates of sea salt, sulfates, and
mineral dust were found to be most common during all periods of observations and these
could be potential CCN also.
Based on these preliminary analyses it seems that the desert dust may play an important
role in cloud processes, not only because they are often times partially coated with
sulfate particles, but also because of aggregates of dust particles containing NaCl
particles. The large sea salt particles present in the UAE environment may play a role
in cloud processes, but their role may also be in jeopardy due to the chemical reactions
with sulfate-bearing particles. However, some of the larger sea salt particles may still
affect cloud processes.
Vertical proﬁles of the aerosols show that the top of the boundary layer was at about
1500 m for the experimental periods in the winter and much higher (to 3500 m or more)
in the summer. This is the layer that is inﬂuenced by surface sources and processes.
Concentrations of aerosols in all size ranges as well as most trace gases decreased rapidly
above the boundary layer. The large difference between the CN and aerosol (PCASP)
concentrations indicates that the UAE region is a large source of nucleation mode
aerosols. This is most obvious near speciﬁc source regions within the UAE. The aerosol
measurements above the boundary layer also suggest that nucleation mode aerosols are
as important a source of CCN as the accumulation mode aerosols.
Microphysical measurements collected in the UAE showed that cloud droplet effective radii
were typically less than 10 µm indicating that clouds are continental in nature. Although
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low droplet concentrations were evident when high cloud bases occurred in the winter, the
available water vapor at higher levels in the atmosphere is also less and the depth of the
cloud between the base and the 0°C level is minimal or non-existent, inhibiting the growth
of droplets to larger sizes. Clouds with bases much warmer than 0oC are more amenable to
the hygroscopic seeding method. In the winter, favorable conditions seem to occur when the
cloud base is lower than about 3000 m MSL. However, as stated above, these conditions for
convective clouds occurred infrequently. During the summer, bases as high as 4500 m were
still warm enough to provide sufﬁcient depth and time for coalescence to begin. Drizzle drops
were occasionally measured in some clouds, which has implications on the effectiveness of
seeding in those cases
In addition to characterizing the natural aerosol population, studies and experiments were
performed to optimize the aerosol and CCN characteristics of the hygroscopic ﬂares. Based on
numerous tests with different formulations of ﬂares, a new ﬂare was developed that produced
larger particles than the original South African ﬂare used in the South Africa and Mexico
randomized experiments. Modeling studies have shown that larger particles should be
more effective. This new ﬂare was used during the experimentation in the UAE and any
further improvements will be incorporated into future seeding experiments.
9.5

HYDROLOGICAL IMPACTS (PHASE I)

The hydrological studies concentrated on characterizing processes important in the
UAE that may be impacted by a rainfall enhancement program, particularly rainfall
to groundwater recharge. Previous studies have shown that the major near-surface
unconﬁned aquifers receiving recharge from precipitation in a reasonable timeframe are
those near the Oman Mountains. West of the Oman Mountains, in the dry, dune plains
of the UAE, there is no surface recharge from rainfall to groundwater reservoirs of any
useful signiﬁcance. In particular, results suggest that the alluvial aquifer systems in and
around the Oman Mountains are sensitive to strong, sustained rainfall events. Therefore,
a long-term rainfall enhancement program would have to strategically target the
Oman Mountain region to derive any groundwater recharge beneﬁt within a timeframe
consistent with the discounted costs of rainfall enhancement.
Analyses of different wadis using observations, estimates, and modeling have shown how
complex the responses of groundwater and aquifers are to precipitation, and how limited
the data are for drawing deﬁnitive conclusions on the nature of groundwater recharge and
the sustainability and safe-yields of alluvial aquifers. However, a water supply/demand
analysis was performed with the Water Evaluation and Planning (WEAP) model, and
demonstrated that current water withdrawals from alluvial aquifers are likely much greater
than recharge rates. Therefore, water demand reduction strategies would be needed to
maintain groundwater levels, irrespective of any rainfall enhancement program.
While sustained rainfall events usually occur in the winter in the UAE, the target of
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hygroscopic seeding has typically been summertime convective clouds. If rainfall
enhancement were to focus on summertime convective clouds, a critical question
is whether or not these summer convective storms lead to signiﬁcant recharge. From
observations of current data, it appears that larger summer convective rainfall events,
with certain location, intensity and duration characteristics, lead to localized recharge of
certain aquifer systems. A comparison of the winter and summer average rainfall totals
shows that summer convective rainfall over the Al Hajar Al Gharbi mountains (e.g. the
mountains of northern Oman) is a slightly higher percentage of the total annual rainfall
than that contributed during the winter months.
The importance of collecting and examining high-quality rainfall data cannot be emphasized
enough. To help address this issue, the DWRS and NCAR developed a weather radar
network capability with the goal of producing semi-quantitative precipitation estimates at
high spatial and temporal resolution. This capability should greatly enhance the ability to
simulate rainfall-runoff mechanisms and the understanding of what type of rainfall events
generate wadi ﬂows, which are quite complex. Because runoff generating mechanisms
are highly non-linear, there could be cases where discharge could be enhanced due to
cloud seeding. But, because the nature of the intensity, depth, and areal distribution
of rainfall over wadis is currently unknown, it is difﬁcult to estimate these discharge
relationships. In essence, geo-hydrologic realities will likely be a signiﬁcant determinant
of the effectiveness of a rainfall enhancement program and should be understood as
completely as possible. Eventually, it will be necessary to calculate the unit cost of water
derived from rainfall augmentation, which should be compared with other techniques
to assess its competitiveness.
A recent separate study was also done for the Oman Mountains as part of a project with
the Sultanate of Oman. Hydrological impacts assuming a plausible percentage increase
in precipitation were outlined. This report is included in the list of publications.
9.6

NUMERICAL MODELING (PHASE I)

Although the original intention was to conduct only high-resolution, cloud-scale modeling
to assess cloud and precipitation development necessary to determine the effects of seeding
in the UAE, it became clear that several mesoscale features, too small to be resolved in
global models, play an important role in the formation of clouds and precipitation. The
decision was made to implement a mesoscale model for the UAE environment in order
to provide higher resolution initialization data for the cloud-scale modeling experiments.
We subsequently implemented the MM5 mesoscale model on a 14-node Linux PC cluster
at NCAR that was purchased through an agreement with DWRS and WMO. The system
was conﬁgured to perform 36-hour forecasts daily over a region containing the UAE and
surrounding areas for a three-month period during the 2001 UAE ﬁeld program effort.
Graphical output of the model forecast, including plots of many meteorological ﬁelds
as well as site forecasts, was posted on the NCAR/RAP website for viewing. The model
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started running during February and was fully operational in March 2001. It has been
running continuously since then (through October 2004).
During the ﬁrst several months that the model ran, winter, summer, and transition periods
occurred. Synoptic disturbances in the general winter ﬂow sometimes brought widespread
light rain to the UAE region. Summer conditions were typically hot and dry, sometimes
resulting in convective showers over and west of the Oman Mountains. With surface
temperatures approaching 50o C, some aspects of the model were challenged, and changes
were incorporated to beneﬁt future users of the model. As expected, the sea breeze was a
dominant factor in determining the conditions along the coast, with occasional convergence
leading to convection along the boundary. These features were not evident in global models
due to their coarse resolutions.
Some speciﬁc issues arose during the model assessment period. In the MM5 model, the land
use categories are associated with speciﬁc settings for physical parameters characteristic of
those general land use types. These have a strong impact on the diurnal variability of the near
surface layers, including the amplitude of the diurnal oscillation in temperature. For example,
unrealistically high moisture availability was known to dampen the daily temperature range.
By decreasing the speciﬁc moisture availability from 5% for the desert regions (characterized
as “sparsely vegetated”) to 2% - a value we believe is more characteristic of this region - the
diurnal temperature variability became more accurate. A side effect of this change was that
the soil temperature could change rapidly, violating numerical criteria in the soil program or
scheme. This caused the forecast to fail on several days (primarily early in the assessment
period) during the hottest period of the summer. This in turn was corrected by reducing the
time step from 90 seconds to, at times, 45 seconds in the soil diffusion scheme in order to
account for the extreme soil temperatures of the UAE.
The MM5 model output was also used to initialize the background environment and to update
boundary conditions for the Clark-Hall model simulations of a winter case and a summer
case. The objective of these simulations was to study the impact of small mesoscale features
on cloud and precipitation development in the UAE and the implications for cloud seeding
using hygroscopic ﬂares. These simulations revealed small-scale features that showed details
of how the dynamics, microphysical processes and orographic features control the timing,
quantity, scales, and distribution of precipitation. The winter simulation (9-10 January 2001)
indicated that there were three precipitation-producing features: the main synoptic disturbance
center, the convective band produced by the center’s evaporatively-driven downdraft, and the
stratiform precipitation region that originated as outﬂow from the top of the convective band.
The ﬁrst two features were predominantly associated with warm rain processes. The third
showed some microphysical evolution through ice phase processes, but this led to only very
light precipitation at the surface. The sensitivity of the model to the parameters governing
rainwater production through collisions between cloud droplets suggests that this aspect
of the model should be examined more carefully, particularly since this would be a critical
aspect in a numerical simulation of seeding effects.
524

Flow interactions appeared to be the primary forcing for the storms in eastern UAE simulated
in the summer case (31 July 2001). In this simulation, the sea breeze strongly dictated the
development of convection, pushing the areas of convection inland toward the northern
mountains. This seemed to exaggerate the strength of the modeled sea breeze, because
radar observations showed that these clouds were formed by colliding boundaries and
remained closer to the coast. The exact location of the interface of the colliding boundaries
depends on the timing and relative strength of the sea breeze and convective downdrafts,
which in turn depends on the land-gulf temperature difference, the convective potential
of the orographic cloud (i.e., whether moisture is available and the degree of instability
in the atmospheric proﬁle), and the amount of rain evaporated in their downdrafts (which
depends in part on the drop size distribution and the depth and relative humidity of
the sub-cloud layer). The ﬂuxes and model parameters, as well as components of the
atmospheric proﬁle (e.g., the low-level inversion, depth and water vapor mixing ratio in
the imposed mixed layer), were varied over a wide rage to determine their impacts on the
outcome – development of precipitation. For this particular simulation, we found that
the principal factor inﬂuencing the outcome was the low-level moisture.
A new microphysical parameterization scheme for the Clark-Hall model was developed
that will allow us to test the impact of aerosols (including those either pollutant or seeding
agent in nature) on cloud and precipitation development. The basic requirement of the
scheme was that it should be of sufﬁcient detail and breadth such that model simulations
reproduce the basic character and evolution of naturally occurring clouds and cloud
systems in the project area, while treating aerosols in enough detail that hygroscopic
seeding can be realistically simulated. The new scheme includes the following features:
• Nucleation of both natural and artiﬁcial aerosols is treated directly, with explicit
prediction of supersaturation.
• Treatment of the warm rain process is of sufﬁcient detail that the development
of drizzle and rain is a direct function of the cloud droplet distributions produced
from the activated aerosols.
• Six hydrometeor classes are used, including cloud water and rain to deﬁne the
liquid water spectra, while the ice particle spectra is divided into four classes
- ice crystals, snow, graupel and hail.
• Two moments of the size distribution, number concentration and mixing ratio,
are predicted for each hydrometeor class, with the particle size distributions
given by gamma distributions.
Each hydrometeor class interacts with water vapor and with the other hydrometeor
classes through a series of idealized representations or parameterizations of the physical
processes. These processes are the nucleation of cloud condensation nuclei, condensation/
evaporation, collision/coalescence, drop breakup, both homogeneous and heterogeneous
nucleation of ice crystals, deposition/sublimation, collision/aggregation, accretion,
freezing, melting and shedding, and ice multiplication via the rime splintering mechanism.
This recent implementation will provide the opportunity to conduct enhanced seeding
525

simulations to determine the effects of seeding on cloud and precipitation development
in a variety of conditions.
9.7

AIR CHEMISTRY STUDIES (PHASE I)

In addition to complementing our understanding of aerosol sources over the UAE,
auxiliary air chemistry studies were conducted using the trace gas measurements, and are
described in detail in the attached Phase I report.
9.8

RANDOMIZED CLOUD SEEDING EXPERIMENT (PHASE II)

Based on results from the 2001-2002 ﬁeld projects, a randomized cloud seeding
experiment was proposed. This involved designing and implementing a randomized
hygroscopic cloud seeding experiment during the summer season to statistically quantify
the potential for cloud seeding to enhance rainfall, speciﬁcally over the UAE and Oman
Mountains. Using radar storm characteristics from 2001-2002 over the Oman Mountains,
a statistical estimate of sample size suggested that a randomized seeding experiment in
the UAE would require at least two years to treat a sufﬁcient number of cases (~250
cases), which would also require close collaboration with Oman in operating the seeding
experiment seamlessly across their border. The collaboration with Oman was obtained
for the most of the 2003-2004 summer operations and to date over 100 cases have been
gathered. Statistical and microphysical analyses of these cases are ongoing. Results are
expected in 2005. The unique aspect of this randomized experiment is that concurrent
microphysical measurements are collected in a subset of the randomized cases. These
measurements will provide for the ﬁrst time an opportunity to better understand the
statistical results.
The objectives of Phase II of the Rainfall Enhancement Assessment Program in the UAE
are to:
(a) Determine whether there is a quantitative effect on radar derived storm-based
rainfall from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time history of such effect and the probable
cause.
(c) Test the concepts of the South African and Mexican experimental approach in
the UAE.
(d) Collect concurrent and separate physical measurements in a subset of the
randomized cases to support the statistical results and provide substantiation for
the physical hypothesis.
The design of the statistical experiment is described in detail in the attached Experimental
Plan. A total of 133 randomized cases were treated over the two summer seasons, of
which 96 met the analysis criteria established in the Experimental Design. Of the 59
randomized seeding cases selected in 2003, forty-one met the analysis criteria. Sixteen
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cases did not qualify for four reasons: 1) thirteen never developed a Titan track (i.e.,
thresholds of 30 dBZ in reﬂectivity and 9 km3 in volume size); 2) three were tracked for
only one volume scan (two volume scans are necessary for an integration to yield rain
mass); 3) one was outside the coverage area (more than 140 km away from the radar);
and 4) one track was treated twice, though more than one hour apart, and could only be
counted once. Of the 74 randomized seeding cases in 2004, ﬁfty-ﬁve met the analysis
criteria. Nineteen cases did not qualify for three reasons: 1) ten never developed a Titan
track (i.e., thresholds of 30 dBZ in reﬂectivity and 9 km3 in volume size); 2) one formed
too close (within 20 km) of another case; and 3) eight were treated twice or more (i.e., the
same track including mergers and splits was treated more the once).
The statistical analyses results of the randomized experiment can be summarized as
follows:
• There is no signiﬁcance difference in the primary response variable, total rain
mass, between seeded and unseeded storms.
• The duration of seeded storms were less than unseeded storms (~50 min
compared to ~65 min), which in turn were longer than the 2001-2002 sample
from the Al Dhafra radar (~40 min).
• While the storms were treated consistently (judging from similar distributions of
time differences between start of track and decision time) between seeded and
unseeded cases, the typical difference of +20-30 min is considerably late in the
lifetime of an ideal case. For example, about 25% of the cases were treated more
than 40 minutes after the start time of the track. This indicates that storms were
treated quite late in their lifetime and non-optimally for hygroscopic seeding.
• There were no clear biases between seeded and unseeded cases at the time of
treatment, but storm volumes were already substantial and relatively near their
maximum at decision time. This reﬂects the lateness of treatment in the storm
cycle mentioned above.
The late treatment of storms occurred for a number of reasons. Some were logistical
– late project starts without adequate pilot training, not being close to the storms, relying
on developing radar reﬂectivity for guidance, close spacing of the storms, etc. However,
the nature of the storms probably contributed more to this result. It was known that
the storms were generally short-lived, and hence had a short window of opportunity.
Additionally, with a capping inversion, cloud base updrafts were somewhat inconsistent,
with ﬂuctuating areas of weak and strong updrafts, making it difﬁcult to ﬁnd and decide
on seeding opportunities. Weak wind shear also contributed to the tendency for rain to
fall through updrafts, both making seeding difﬁcult and shortening the updraft lifetime.
All these factors complicated the conceptual cloud base seeding scenario and contributed
to the result of treating storms after their optimal stage of development. Based on the
statistical results seeding with hygroscopic ﬂares did not increase rainfall according to
the seeding conceptual model.
The results from the concurrent aircraft measurements highlighted that there are natural
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processes that may be responsible for the development of large drops in clouds in the
UAE. They are:
1. Re-circulation of cloud particles either from melted ice particles and/or
broadening of the cloud droplet spectrum due to inhomogeneous mixing and
re-circulation of cloud droplets, and
2. Large and Ultra-giant CCN (dust particles coated with sulphates and/or
aggregated with salt particles).
These processes seem to provide for a “natural” seeding process that would minimize the
effect of hygrscopic seeding to the point of no effect at all, based on previous modeling
studies (e.g., Cooper et al., 1997). At this moment, it is not clear how often and why
these processes occur in natural clouds and future studies will have to focus on when,
why and how often these processes occur in natural convective clouds over the Oman
Mountains. However, when these processes occur, seeding could be assumed to be
ineffective, which also seems to conﬁrm the results of the randomized experiment. The
concurrent microphysical measurements provided insights into why seeding did not
seem to increase rainfall.
These results raise the questions of how one would be able to detect and predict these
situations in which a “natural seeding process” was occurring and what tools could be
used to identify these processes on a real-time basis. The answer to the question is not
easy. Better measurement of the thermosdynamic structure over the mountains would
certainly be helpful. The Abu Dhabi and Muscat soundings are along the coast and do
not necessarily provide an accurate representation of the thermodynamic structure over
the mountains where the clouds generally develop. A combination of a wind-proﬁler
– radiometer station in the mountainous region would provide valuable information in
this respect in both identifying speciﬁc structures and providing input for predictions.
In addition, and even more important, could be the use of a detailed polarimetric radar.
Certainly the UAE studies re-emphasize the potential that detailed polarimetric radar
information could have in delineating the precipitation processes over a wide range
of conditions and a large sample of storms. These data could then be assimilated into
numerical meso-scale and cloud-scale models to be able to predict precipitation processes
in clouds.
In conclusion, it is clear that a conceptual model solely bases on microphysical aspects
of the clouds is incomplete. It neglects the dynamic processes that strongly govern
the microphysical processes, and depending on these dynamic and thermodynamic
conditions, can change microphysical processes in clouds from one extreme to the
other. The results also emphasize the importance of concurrent physical measurements
in conjunction with the statistical experiment in interpreting the statistical results and
increasing our understanding of both natural and seeded microphysical and dynamical
processes in clouds. These results have highlighted some of the limitations of the UAE
and many other weather modiﬁcation programs around the world, both in terms of
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execution and evaluation. Most programs depend on conventional radar evaluations,
often without the support of any physical measurements. Conventional radar is limited
in its ability to deduce physical processes of precipitation formation in clouds. However,
other tools, such as improved or new remote sensors (satellite, multiparameter radar,
windproﬁler, microwave radiometer) and numerical modeling capabilities on the mesoand cloud-scale, are now available to address some many of the issues (microphysical
and dynamical). Finally, it is essential that cloud seeding conceptual models should
include dynamical as well as microphysical processes and that seeding conceptual
models solely based on microphysical processes are incomplete in many situations,
such as the UAE case.

529

Section

10

REFERENCES

References
Abu-Zeid, M. M., A. R. Baghdady, and H. A. El-Etr, Journal of Arid Environment, 48,
475-499 (2001).
Albrecht, B.A., 1989: Aerosols, cloud microphysics and fractional cloudiness, Science,
245, 1227-1230.
Aleksić, N.M., R.D. Farley and H.D. Orville, 1989: A numerical cloud model study of
the Hallett-Mossop multiplication process in strong convection. Atmos. Res.,
23, 1-30.
Al Mandoos, Abdulla, 2005: Synoptic circulation and atmospheric characterization
over the UAE. MSc Thesis, Climatology Research Group, University of
Wiswatersrand, Johannesburg, South Africa.
Anthes, R.A., and T. T. Warner, 1978: Development of hydrodynamic models suitable
for air pollution and other meso-meteorological studies. Mon. Wea. Rev., 106,
1045-1078
Berry, E.X, and R.L. Reinhardt, 1974: An analysis of cloud drop growth by collection:
Part II. single initial distributions. J. Atmos. Sci., 31, 1825-1831.
Berthoumieu, J.-F., A. Loretz, A. Carlier, F. Abdellani, E. Lambert, J.-R. Mathieu, and K.R.
Gabriel, 1999: Cloud base hygroscopic seeding to reduce hail in the southwest
of France. Concepts and ﬁrst results. 7th WMO Scientiﬁc Conf. Weather Modif.,
Chiang Mai, Thailand, 17-22 February 1999.
Bigg, E.K., 1953: The supercooling of water. Proc. Phys. Soc. London, B66, 688-694.
Bigg, E.K., 1997: An independent evaluation of a South African hygroscopic cloud
seeding experiment, 1991-1995. Atmos. Res., 43, 111-127.
Boucher, O., H. Le Treut and M.B. Baker, 1995: Precipitation and radiation modelling in
a general circulation model: introduction of cloud microphysical processes, J.
Geophys. Res., 100, D8, 16395-16414.
Bowers, J.F., 1998: Accreditation plan for the prototype Four-Dimensional Weather
(4DWX) system. Technical Note 99-90-1, U.S. Army Dugway Proving Ground,
Dugway, UT.
Braham, R.R. Jr, 1952: The water and energy budgets of the thunderstorm and their
relation to thunderstorm development. J. Meteor., 9, 227–242.
Braham, R.R. Jr, 1986: Precipitation enhancement - a scientiﬁc challenge. Precipitation
Enhancement - A Scientiﬁc Challenge, Meteor. Monogr., No. 43, Amer. Meteor.
Soc., Boston, MA, 1-5.
Bright, D., and E. Silva, 1998: Hydrogeology of the surﬁcial aquifer system in northeastern
Abu Dhabi, UAE, US Geological Survey Administrative Report, Prepared for
the National Drilling Company, Abu Dhabi, UAE.
Bruintjes, R.T., 1999: A review of cloud seeding experiments to enhance precipitation
and some new prospects. Bull. Amer. Meteor. Soc., 80, 805-820.
Bruintjes, R.T., T.L. Clark and W.D. Hall, 1994: Interactions between topographic airﬂow
and cloud/precipitation development during the passage of a winter storm in
Arizona. J. Atmos. Sci., 51, 48-67.
Bruintjes, R.T., A.J. Heymsﬁeld and T.W. Krauss, 1987: An examination of double-plate
ice crystals and the initiation of precipitation in summertime cumulus clouds. J.
Atmos. Sci., 44, 1331-1349.
531

Bruintjes, R.T., D.W. Breed, V. Salazar, M.J. Dixon, T. Kane, G.B. Foote and B.G.
Brown, 2001: Program for the Augmentation of Rainfall in Coahuila (PARC):
Overview and results. Preprints, 15th Conf. on Planned and Inadvertent Weather
Modiﬁcation, Albuquerque, NM, Amer. Meteor. Soc., Boston, MA, 45-48.
Bruintjes, R. T., D. Breed, T. Jensen, V. Salazar, A. Al Mangoosh, A. Al Mandoos, S.
Piketh, K. Ross, L. Jia, T. Kojima, and P. Busek, 2002: Microphysical and
radiative properties of clouds in the United Arab Emirates and adjacent regions.
Atmospheric Chemistry in the Earth System: From Regional Pollution to Global
Climate Change. Proc. 7th Scientiﬁc Conf. of the Int. Global Atmospheric
Chemistry Project. Crete, Greece. Sept. 18-25.
Burridge, D. M., and J. Haseler, 1977 : A model for medium range weather forecasts
– adiabatic formulation. ECMWF Tech. Rep. No. 4, 46 pp.
Chang, D., J. Le and S. Islam, 2000: Issues of soil moisture coupling in MM5: simulation
of the diurnal cycle over the FIFE area, J. Hydromet, 1, 477-490
Charlson R.J., S.E. Schwartz, J.M. Hales, R.D. Cess, J.A. Coakley, J.E. Hansen and D.J.
Hofmann, 1992: Climate forcing by anthropogenic aerosols, Science, 255, 422430.
Charlson, R.J., J. Langer and H. Rodhe, 1990: Sulfate aerosol and climate, Nature, 326,
655-661.
Clark, T.L., 1977: A small scale numerical model using a terrain following coordinate
transformation. J. Comp. Phys., 24, 186-215.
Clark, T. L. 1979: Numerical simulations with a three dimensional cloud model: Lateral
boundary condition experiments and multicellular severe storm simulations. J.
Atmos. Sci., 36, 2191-2215.
Clark, T.L., and R.D. Farley, 1984: Severe downslope windstorm calculations in two
and three spatial dimensions using anelastic interactive grid nesting: a possible
mechanism for gustiness. J. Atmos. Sci., 41, 329-350.
Clark, T L. and W.D. Hall, 1991: Multi-domain simulations of the time dependent Navier
Stokes equation: Benchmark Error analyses of nesting procedures. J. Comp.
Phys., 92, 456-481.
Clark, T.L., W.D. Hall and J.L. Coen, 1996: Source code documentation for the ClarkHall Cloud-scale model: Code version G3CH01. NCAR Tech. Note. NCAR/TN426+STR, 174 pp.
Cohard, J.M., and J.P. Pinty, 2000: A comprehensive two-moment warm microphysical
bulk scheme. I: Description and tests. Quart. J. Roy. Meteor. Soc., 126, 18151842.
Cohard, J.M., J.P. Pinty and C. Bedos, 1998: Extending Twomey’s analytical estimate
of nucleated cloud droplet concentrations from CCN spectra. J. Atmos. Sci, 55,
3348-3357.
Cohard, J.M., J.P. Pinty and K. Suhre, 2000: On the parameterization of activation spectra
from cloud condensation nuclei microphysical properties. J. Geophys. Res., 105,
11753-11766.
Cooper, W.A., 1986: Ice initiation in natural clouds. Precipitation Enhancement-A
Scientiﬁc Challenge, Meteor. Monogr., No. 43, Amer. Meteor. Soc., 29-32.
Cooper, W.A., R.T. Bruintjes and G.K. Mather, 1997: Some calculations pertaining to
532

hygroscopic seeding with ﬂares. J. Appl. Meteor., 36, 1449-1469.
Cotton, W.R., and R.A. Anthes, 1989: Storm and Cloud Dynamics. Academic Press Inc.,
Orlando, FL, 880 pp.
Cullen, M. J. P., and T. Davies, 1991: A conservative split-explicit integration scheme
with fourth-order horizontal advection. Quart. J. Roy. Meteor. Soc., 117, 9931002.
Dixon, M.J., and G. Weiner, 1993: TITAN – Thunderstorm identiﬁcation, tracking,
analysis, and nowcasting – a radar-based methodology. J. Atmos. Oceanic Tech.,
10, 785-797.
Dubai Department of Civil Aviation, 2000: Long Term Climatological Summary. Dept.
of Civil Aviation, Dubai International Airport. 26 pp.
Ellis, S., C. Kessinger, J. Van Andel, and J. Keeler, 2003: Mitigating ground clutter
contamination in the WSR-88D. Preprints, 19th International Conference
on Interactive Information and Processing Systems (IIPS) for Meteorology,
Oceanography, and Hydrology, Amer. Meteor. Soc., Long Beach, CA, 9-13
February 2003, in press.
Ferek, R. J. P. V. Hobbs, J. A. Herring, K. Laursen, R. E. Weiss, and R. A. Rasmussen,
Journal of Geophysical Research 97, 14483-14489 (1992).
Ferrier, B.S., 1994: A double-moment multiple-phase four-class bulk ice scheme. Part I:
Description. J. Atmos. Sci., 51, 249-280.
Foote, G.B., and R.T. Bruintjes (eds.), 2000: Report of the WMO International Workshop
on Hygroscopic Seeding: Experimental results, physical processes, and research
needs. WMP Report No. 35, WMO/TD No. 1006, Mazatlan, Mexico, 68 pp.
Guerzoni, S., and R. Chester, 1996: The impact of desert dust across the Mediterranean,
Kluwer, Dordrecht.
Hall, W.D., and H.R. Pruppacher, 1976: The survival of ice particles falling from cirrus
clouds in subsaturated air. J. Atmos. Sci., 33, 1995-2006.
Hallett, J, and S.C. Mossop, 1974: Production of secondary ice particles during the riming
process. Nature, 249, 26-28.
Harris, G.N. Jr, K.P. Bowman and D-B. Shin, 2000: Comparison of freezing-level altitudes
from the NCEP reanalysis with TRMM precipitation radar brightband data, J.
Climate, 13, 4137-4148.
Hegg, D.A.; P.V. Hobbs, P.V, Fukuta, and P.E. Wagner (eds.), 1992: Cloud condensation
nuclei in the marine atmosphere: a review. Nucleation and Atmospheric Aerosols.,
Deepak Publishing, Hampton, VA,. pp. 181-192.
Heymsﬁeld, A.J., and J.C. Pﬂaum, 1985: A quantitative assessment of the accuracy of
techniques for calculating graupel growth. J. Atmos. Sci., 42, 2264-2274.
Hindman, E.E. II, 1978: Water droplet fogs formed from pyrotechnically generated
condensation nuclei. J. Wea. Mod., 10, 77-96.
Hindman, E.E. II, P.V. Hobbs and L.F. Radke, 1977: Cloud condensation nuclei from a
Paper Mill. Part I: Measured effects on clouds. J. Appl. Meteor., 16, 745-752.
Houze, R.A. Jr., 1993: Cloud Dynamics, Academic Press, Inc., Orlando, FL, 573 pp.
Hudson, J.G., 1991: Observations of anthropogenic cloud condensation nuclei, Atmos.
Environ., 25A, 11, 2449-2455.
Jaenicke, R., 1998: Atmospheric aerosol size distribution, in R.M. Harrison and R.E. van
Grieken (eds), Atmospheric Particles, IUPAC series on analytical and physical
chemistry of environmental systems, Volume 5, John Wiley and Sons, New York.
533

Ji, M., A. Kumar, and A. Leetmaa, 1994: A multiseason climate forecast system at the
National Meteorological Center. Bull. Amer. Meteor. Soc., 75, 569-577.
Johnson, D. B., 1987: On the relative efﬁciency of coalescence and riming. J. Atmos. Sci.,
44, 1672-1680.
Keeler, R.J., C. Kessinger, J. VanAndel and S. Ellis, 1999: Implementation of NEXRAD
AP clutter processing. Preprints, 15th International Conference on Interactive
Information and Processing Systems (IIPS) for Meteorology, Oceanography,
and Hydrology, Amer. Meteor. Soc., Dallas, TX, 10-15 January 1999, 304-305.
Kendy, E., Al Badi, I., and Nasr, M.A., 1996, Groundwater modeling demonstration, Al
Jabeeb area, Abu Dhabi Emirate, UAE: Unpublished Proceedings of the Water
Management Conference, Nov. 17-19, Abu Dhabi: on ﬁle with the National
Drilling Company, pp. 13.
Kessinger, C., S. Ellis and J. Van Andel, 2001: NEXRAD Data Quality: The AP
clutter mitigation scheme. Preprints, 30th International Conference on Radar
Meteorology, Amer. Meteor. Soc., Munich, Germany, 19-24 July 2001, 707709.
Kessinger, C., S. Ellis and J. Van Andel, 2002: NEXRAD Data Quality: An update on
the AP clutter mitigation scheme. Preprints, 18th International Conference
on Interactive Information and Processing Systems (IIPS) for Meteorology,
Oceanography, and Hydrology, Amer. Meteor. Soc., Orlando, FL, 13-17 January
2002, 127-129.
Kessinger, C., S. Ellis and J. Van Andel, 2003: The radar echo classiﬁer: A fuzzy logic
algorithm for the WSR-88D. Preprints, 3rd Conference on Artiﬁcial Applications
to the Environmental Science, Amer. Meteor. Soc., Long Beach, CA, 9-13
February 2003, in press.
Kessler, E., 1969: On the distribution and continuity of water substance in atmospheric
circulations. Meteor. Monogr. No. 32, Amer. Meteor. Soc., Boston, MA, 84 pp.
Klimowski, B.A., R. Becker, E.A. Betterton, R.T. Bruintjes, T.L. Clark, W.D. Hall, B.W.
Orr, R.A. Kropﬂi, P. Piironen, R.F. Reinking, D. Sundie and T. Uttal, 1998:
The 1995 Arizona Program: Toward a better understanding of winter storm
precipitation development in mountainous terrain. Bull. Amer. Meteor. Soc., 79,
799-813.
Koenig, L.R., 1971: Numerical modeling of ice deposition. J. Atmos. Sci., 28, 226-237.
Koenig, L.R., and F.W. Murray, 1976: Ice-bearing cumulus cloud evolution: Numerical
simulation and general comparison against observations. J. Appl. Meteor., 15,
747-762.
Kosko, B. 1992: Fuzzy systems and neural networks. Prentice Hall, New Jersey.
Krauss, T.W., R. T. Bruintjes, J. Verlinde, and A. Kahn, 1987: Microphysical and radar
observations of seeded and non-seeded continental cumulus clouds. J. Climate
Appl. Meteor., 26, 585-606.
Krcil, K. L., 1996: Multi-dimensional modeling case study of the 1 July 1993 North
Dakota Tracer Experiment hailstorm. M.S. Thesis, SDSMT, 127pp.
Levin, Z, E. Ganor, and V. Gladstein, Journal of Applied Metorology 35, 1511-1523
(1996).
Lin, Y-L., R.D. Farley, and H.D. Orville, 1983: Bulk parameterization of the snow ﬁeld in
a cloud model. J. Climate Appl. Meteor., 22, 1065-1092.
Long, A.B., 1974: Solutions to the droplet collection equation for polynomial kernels. J.
534

Atmos. Sci., 31, 1040-1057.
Macklin, W.C., 1962: The density and structure of ice formed by accretion. Quart. J. Roy.
Meteor. Soc., 92, 297-300.
Mather, G.K., 1991: Coalescence enhancement in large multicell storms caused by the
emissions from a Kraft paper mill. J. Climate Appl. Meteor., 25, 1780-1784.
Mather, G.K., D.E. Terblanche, F.E. Steffens and L. Fletcher, 1997: Results of the South
African cloud-seeding experiments using hygroscopic ﬂares, J. Appl. Meteor.,
36, 1433-1447.
Marwitz, J. D., A. H. Auer, Jr. and D. L. Veal, 1972: Locating the organized updraft on
severe thunderstorms. J. Appl. Meteor., 11, 236–238.
McInnes, LM; D.S. Covert, P.K. Quinn, M.S. Germani, 1994: Measurements of chloride
depletion and sulfur enrichment in individual sea-salt particles collected from
the remote marine boundary layer. J. of Geophys. Res., 8257-8268.
Menon, S., and V.K. Saxena, 1998: Role of sulphates in regional cloud-climate interaction,
Atmos. Res., 47-48, 299-315.
McInnes, LM; D.S. Covert, P.K. Quinn, M.S. Germani, 1994: Measurements of
chloride depletion and sulfur enrichment in individual sea-salt particles collected
from the remote marine boundary layer, J. Geophys. Res., 99, 8257-8268
Mizuno, H., 1990: Parameterization of the accretion process between different precipitation
elements. J. Meteor. Soc. Japan, 68, 395-398.
Murakami, M., 1990: Numerical modeling of dynamical and microphysical evolution of
an isolated convective cloud-the 19 July 1981 CCOPE cloud. J. Meteor. Soc.
Japan, 68, 107-128.
MWRO, 1995, Ministry of Water Resources- Oman. Progress Report 1, Eastern Batinah
Resource Assessment, Directorate General of Water Resource Assessment,
BAT/95-10.
Orville, H.D., 1995: Report on the Sixth WMO Scientiﬁc Conference on Weather
Modiﬁcation. Bull. Amer. Meteor. Soc., 76, 372-373.
Osterkamp, W., L. Lane and C. Menges, 1995: Techniques of ground-water recharge
estimates in arid/semi-arid area, with examples from Abu Dhabi. J. Arid
Environments, 31, 349-369
Parungo, F., B. Kopcewicz, C. Nagamoto, R. Schnell, P. Sheridan, C. Zhu, and J. Harris,
Journal of Geophysical Research 97, 15867-15882 (1992).
Penner, J.E., R.E. Dickinson and C.A. O’Neill, 1992: Effects of aerosol from biomass
burning on the global radiation budget. Science, 256, 1432-1434.
Penner, J.E., R.J. Charlson, J.M. Hales, N.S. Laulainen, R. Leifer, T. Novakov, J. Ogren,
L.F. Radke, S.E. Schwartz and L. Travis, 1994: Quantifying and minimising
uncertainty of climate forcing by anthropogenic aerosols, Bul. Amer. Meteor.
Soc., 75, 375-400.
Pruppacher, H.R., and J.D. Klett, 1978: Microphysics of Clouds and Precipitation,
D. Reidel, Dordrecht, Holland, 714 pp.
Rasmussen, R.M., and A.J. Heymsﬁeld, 1987: Melting and shedding of graupel and hail.
Part I: Model physics. J. Atmos. Sci., 44, 2754-2763.
Rasmussen, R.M., and A.J. Heymsﬁeld, 1987: Melting and shedding of graupel and hail.
Part II: Sensitivity study. J. Atmos. Sci., 44, 2764-2782.
Rasmussen, R.M., V. Levizzani and H.R. Pruppacher, 1984: A wind tunnel and theoretical
535

study of the melting behavior of atmospheric ice particles. II: A theoretical study
for frozen drops of radius < 500 m. J. Atmos. Sci., 41, 374-380.
Rasmussen, R.M., V. Levizzani and H.R. Pruppacher, 1984: A wind tunnel and theoretical
study of the melting behavior of atmospheric ice particles. III: Experiment and
theory for spherical ice particles of radius > 500 m. J. Atmos. Sci., 41, 381-388.
Reed, J.R. and G. Cate, 2001: Status of WSR-88D open radar product generator develoment
and deployment. Preprints, 17th International Conference on Interactive
Information and Processing Systems (IIPS) for Meteorology, Oceanography,
and Hydrology, Amer. Meteor. Soc., Albuquerque, NM, 14-18 January 2001,
102-104.
Reisin, T., S. Tzivion and Z. Levin, 1996: Seeding convective clouds with ice nuclei
or hygroscopic particles: A numerical study using a model with detailed
microphysics. J. Appl. Meteor., 35, 1416-1434.
Research Applications Program, National Center for Atmospheric Research, 2003:
“Rainfall Enhancement and Air Chemistry Studies: United Arab Emirates 20012002”. Final report to the Dept. of Water Resources Studies, the Ofﬁce of His
Highness the President, United Arab Emirates. 470 pp.
Rife, D.L., 2001: Personal communication. NCAR/RAP. drife@ucar.edu.
Rizk, Z. Garamoon, H. and El-Etr, H.A., 1998, Hydraulic properties of dune and inter-dune
areas around Al-Ain, United Arab Emirates: Proceedings of the International
Conference on Quatenary Deserts and Climate Change, Al Ain, Dec. 1995, pp.
455-467.
Safﬂe, R.E. 1997: NEXRAD Product Improvement Plan. Preprints, 14th International
Conference on Interactive Information and Processing Systems (IIPS) for
Meteorology, Oceanography, and Hydrology, Amer. Meteor. Soc., Phoenix,
AZ.
Salazar, V., R. T. Bruintjes, D. W. Breed, T. L. Jensen, S. J. Piketh, K. Ross, A. Al
Mandoos, A. Al Mangoosh, 2005: Seasonal cloud condensation nuclei and
aerosol characteristics in the United Arab Emirates. Submitted to J. Atmos. Sci.
Seaman, N.L., D.R. Stauffer and A.M. Lario-Gibbs, 1995: A Multiscale Four-Dimensional
Data Assimilation System Applied in the San Joaquin Valley during SARMAP.
Part I: Modeling Design and Basic Performance Characteristics. J. Appl.
Meteor., 34, 1739-1761.
Shine, K.P., R.G. Derwent, D.J. Wuebbles and J.J. Morcettee, 1990: Radiative forcing of
climate, in J.T. Houghton, G.J. Jenkins and J.J. Ephraums (eds), Climate Change:
The IPCC Scientiﬁc Assessment, Cambridge University Press, Cambridge.
Silva, E., and F. Al Nauimi, 1999: Digital simulation of ground-water salvage in
northeastern Abu Dhabi Emirate, National Drilling Company, PO Box 15287,
Al Ain, United Arab Emirates.
Silverman, B.A., 1986: Static mode seeding of summer cumuli – A review. Precipitation
Enhancement - A Scientiﬁc Challenge, Meteor. Monogr., No. 43, Amer. Meteor.
Soc., Boston, MA, 7-24.
Simpson, J, and V. Wiggert, 1969: Models of precipitating cumulus towers. Mon. Wea.
Rev., 97, 471-489.
Skolnik, M.I., 1980: Introduction to Radar Systems. McGraw-Hill Book Company, New
York, NY.
Steiner, M., and J.A. Smith, 2002: Use of three-dimensional reﬂectivity structure for
536

automated detection and removal of non-precipitating echoes in radar data. J.
Atmos. Oceanic Tech., 19, 673-686.
Sturtevant, J.S., 1995. The Severe Local Storm Forecasting Primer. Ohio State University,
197 pp.
Sokolik, I.N., 1999: Nuts and bolts of radiative forcing by mineral dust. IGACtivities
Newsletter, 17, 12-14 May.
Tegen, I., and I. Fung, 1995: Contribution to the atmospheric mineral aerosol load from
land surface modiﬁcation. J. Geophys. Res., 100, D9, 18707-18726.
Terblanche, D. E., M. P. Mittermaier, S. J. Piketh, R. T. Bruintjes and R. P. Burger, 2000:
The Aerosol Recirculation and Rainfall Experiment (ARREX): an initial study
on aerosol-cloud interactions over South Africa. South African Jour. Sci., 96,
15-22.
Terblanche, D. E., F. E. Steffens, L. Fletcher, M. P. Mittermairer, and R. C. Parsons,
2000: Toward the operational application of hygroscopic ﬂares for rainfall
enhancement in South Africa. J. Appl. Meteor., 39, 1811-1821.
Tiedtke, M., J-F. Geleyn, A. Hollingsworth, and J-F. Louis, 1979: ECMWF model,
parameterization of subgrid scale processes. ECMWF Tech. Rep. No. 10, 46
pp.
Turner, W., A. Forbes and J. Rapp, 1986: Groundwater resources of Wadi Safwan area.
Public Authority for Water Resources Report, PAWR 1-86-9, Sultanate of
Oman.
Twomey, S., 1959: The nuclei of natural cloud formation. Part II: The supersaturation in
natural clouds and the variation of cloud droplet concentrations. Geophys. Pure
Appl., 43, 243-249.
Twomey, S., 1977: Atmospheric Aerosols. Elsevier Scientiﬁc, Amsterdam, 302 pp.
UAE Ministry of Communications, 1996: U.A.E. Climate. 1st Ed. Cultural Foundation
Publications, Abu Dhabi. 217 pp.
Warneck, P., 1988: Chemistry of the Natural Atmosphere. Academic Press, Inc., San
Diego, CA, 757 pp.
Warner, T. T., 2004: Desert Meteorology. Cambridge University Press. 592 pp.
Warner, T. T. and R. Sheu, 2000: Multiscale local forcing of the Arabian Desert
daytime boundary layer and implications for the dispersion of surface-released
contaminants. J. Appl. Meteor, 39, 686-707.
World Meteorological Organization, 2000: Report of the WMO International Workshop on
Hygroscopic Seeding: Experimental Results, Physical Processes, and Research
Needs. Ed. G. B. Foote and R. T. Bruintjes, WMP Rpt. No 35, WMO/TD No.
1006, 68pp.
White, W., 1990: The contribution of ﬁne particles scattering to total extinction, visibility:
Existing and historical conditions – cause and effect, Acid Deposition State of
Science Report 24, National Acid Assessment Program, Government Printing
Ofﬁce, Washington, D.C., 85-102.
White, B.G, J. Paegle, W.J. Steenburgh, J.D. Horel, R.T. Swanson, L.K. Cook, D.J. Onton
and J.G. Miles, 1999: Short-Term Forecast Validation of Six Models. Wea.
Forecast., 14, 84-108.
Wisner, C., H.D. Orville and C. Myers, 1972: A numerical model of a hail-bearing cloud.
J. Atmos. Sci., 29, 1160-1181.
537

Wood, W. W., W. E. Sanford, and A. R. S. Al Habshi, Geological Society of America
Bulletin 114, 259-268 (2002).
Woodward, D., and C. Menges, 1992: Neotectonic thrust faulting along the western
ﬂank of the Oman Mountains, northeastern Abu Dhabi, Part 2: Hydrogeologic
implications. EOS, Trans. Amer. Geophys. Union, Supplements, 73, 188.
Yates, D. 1996, WatBal: An integrated water balance model for climate impact assessment
of river basin runoff, Water Resources Development, 12, 2, pp. 121-139.
Zhang, D. and Y. Iwasaka, Geophysical Research Letters 28, 3613-3616 (2001).
Ziegler, C.L., 1985: Retrieval of thermal and microphysical variables in observed
convective storms. Part I: Model development and preliminary testing. J. Atmos.
Sci., 42, 1487-1509.

538

Appendix A –

EXPERIMENT
DESIGN

PHASE II OF THE RAINFALL ENHANCEMENT ASSESSMENT PROGRAM
IN THE UNITED ARAB EMIRATES

UNITED ARAB EMIRATES
JUNE 2003 ONWARDS
RANDOMIZED SEEDING PROJECT - EXPERIMENTAL DESIGN

1. Background & motivation
During the past ten years seeding with hygroscopic particles has received a renewed
interest in response to the reported positive results from a randomized cloud seeding
experiment in South Africa using hygroscopic ﬂares (Mather et al., 1997). The seeding
approach used in South Africa involved seeding mixed-phase summertime convective
clouds below cloud base with pyrotechnic ﬂares that produce small salt particles (about
0.5 µm mean diameter) in an attempt to broaden the cloud droplet spectrum and accelerate
the coalescence process. Mather et al. (1997) reported the results from a randomized cloud
seeding experiment that was conducted from 1991 to 1996 in summertime convective
clouds in the Highveld region of South Africa. The results of this experiment indicated
that precipitation amounts from seeded storms were larger than from unseeded storms
(Fig. 11, Mather et al., 1997).
The development and use of the hygroscopic ﬂares for rainfall enhancement was triggered
by radar and microphysical observations of an unusual convective storm growing
in the vicinity of a large paper mill. This storm and others subsequently identiﬁed as
being affected by the efﬂuent from the paper mill showed an apparent enhancement of
coalescence compared to clouds not affected. (Mather, 1991). Earlier observations by
Eagen et al. (1974) and Hindman et al. (1977) suggested a similar connection between the
efﬂuent of paper mills in the Paciﬁc Northwest (USA) and enhanced precipitation.
Bigg (1997) performed an independent analysis of the South African experiments
and found that the seeded storms lasted longer than the unseeded storms. Bigg (1997)
suggested some dynamic responses, which also were alluded to by Mather et al. (1997).
The suggestion is that the initiation of precipitation started at a lower height in the seeded
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clouds than in the unseeded clouds and that a more concentrated downdraft resulted closer
to the updraft. The surface gust front was thereby intensiﬁed and its interaction with the
storm inﬂow enhanced convection.
In another independent statistical reevaluation of the South African cloud seeding
experiment, Silverman (2000) supported the earlier results by Mather et al. (1997).
Silverman also found that 1) adjusting for differences at decision time between seeded
and unseeded cases (a “potentially compromising covariate”) strengthened and sharpened
the suggested effects of seeding; 2) seeding existing large cloud systems had no affect
on the results; and 3) cloud systems in the more continental Highveld Bethlehem region
responded more favorably to seeding.
Mather et. al (1997), Bigg (1997), and Silverman (2000) all allude to apparent dynamic
effects in seeded clouds that result in these systems being longer-lived. The mechanism
suggested is a change or enhancement in precipitation loading and evaporation that changes
the characteristics of the downdraft. This in turn affects the storm organization, evolution, and
lifetime, and results in increased rainfall.
The promising results of Mather et al. (1997) led to a program in Mexico conducted
from 1996 to 1998 using the South African hygroscopic ﬂares in the same fashion as in
the South African program. A randomized seeding experiment was conducted during the
summers of 1997 and 1998. Although three years of randomized seeding were planned,
only two years could be completed due to lack of funding for the third year. An overview
of the program and some preliminary results are discussed by Bruintjes et al. (2003) and
summarized in WMO (2000). The preliminary results are similar to those found from the
South African experiment, which indicate increases in radar-derived precipitation from
seeded storms as compared with unseeded storms.
The physical processes responsible for the apparent results found in South Africa and
Mexico are not fully understood. In both the South African and Mexican experiments, the
increases in rainfall from seeded storms were not due to more intense precipitation but
due to precipitation over a larger area and for a longer period time. So, although promising
results have been obtained with hygroscopic seeding, some fundamental questions remain
that need to be answered in order to provide a sound scientiﬁc basis for this technology.
In late 2000, the government of the UAE, through the newly established Department of Water
Resources Studies (DWRS) of the Ofﬁce of His Highness the President, approached NCAR
about developing and applying the technology of cloud seeding in the UAE. A preliminary
assessment identiﬁed some key areas of study required for assessing the efﬁcacy and potential
beneﬁts of rainfall enhancement via hygroscopic seeding, including: a) collating existing data
and collecting speciﬁc data on clouds and rainfall, b) establishing the natural background
and variability of aerosols in the region, c) adapting and developing numerical models for
simulating UAE clouds, and d) understanding the UAE hydrology sufﬁciently to assess the
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impact of rainfall on groundwater resources. These evolved into seven speciﬁc objectives that
addressed two fundamental questions for the UAE:
1. Is the frequency of cloud occurrence sufﬁcient to warrant the
investment in a cloud seeding program?
2. Are the clouds that do occur amenable to hygroscopic seeding?
A signiﬁcant part of the study involved ﬁeldwork – the intensive collection of observations
(airborne and surface) during four ﬁeld project periods (winter and summer of 2001 and
2002). Microphysical observations of cloud droplets and aerosols showed continental
conditions in both the UAE and Oman during the summer. More varying conditions
existed during the winter, mostly due to weaker cloud conditions (higher clouds and lower
updraft speeds). During the 2001 and 2002 winter seasons, radar summaries showed that
no hydrologically signiﬁcant rainfall events occurred over the UAE. For the 2001 and
2002 summer seasons, radar studies showed that the vast majority of convective storms
occurred over the Oman Mountains, southeast of Al Ain and northward, though they
were relatively short-lived. The short lifetimes of the thunderstorms act to minimize the
window of opportunity for cloud seeding to enhance rainfall, emphasizing the need for
accurate prediction of these situations in planning seeding operations.
Summaries of the trial seeding cases suggest that conditions amenable to seeding occur
on only a few days during the winter, typically late in the winter season. Conversely,
suitable storms developed on more than a third of the summer days, although the number
of storm tracks differed considerably between 2001 and 2002. In summary, the results
have mostly answered the two fundamental questions and thus support proceeding with
Phase II of the Rainfall Enhancement Assessment Program during the summer months
in the UAE. This involves designing and implementing a randomized hygroscopic cloud
seeding experiment during the summer season to statistically quantify the potential for
cloud seeding to enhance rainfall, speciﬁcally over the UAE and Oman Mountains. The
randomized seeding experiment will require at least two years to treat a sufﬁcient number
of cases, and requires close collaboration with Oman in operating the seeding experiment
seamlessly across their border.
This document outlines the Experimental Design for the randomized seeding experiment.
In addition, depending on the results from the randomized seeding experiment, several
activities or components are required in order to quantitatively assess any increases in
rainfall from cloud seeding and to initially estimate the overall economic beneﬁt of such a
program. These studies will not form part of the randomized seeding experiment but will
need to be pursued at a later stage.
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2. Objectives of the experiment
The objectives of Phase II of the Rainfall Enhancement Assessment Program in the UAE
are to:
(a) Determine whether there is a quantitative effect on radar derived storm-based
rainfall from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time history of such effect and the probable
cause.
(c) Test the concepts of the South African and Mexican experimental approach in
the UAE.
(d) Collect concurrent and separate physical measurements to support the statistical
results and provide substantiation for the physical hypothesis.

3. Seeding Hypothesis
3.1

NATURAL CHARACTERISTICS OF UAE CLOUDS

Modiﬁed-maritime situations produce convective storms with low droplet concentrations
and broad droplet spectra at cloud base. Concentrations are generally less than 200
per cm3, with sizes up to 20 µm. These storms are thought to have higher precipitation
efﬁciency and are not expected to respond signiﬁcantly to hygroscopic seeding.
This experiment is aimed at increasing rainfall from storms that are more continental
in nature. Such storms have high droplet concentrations and narrow droplet spectra at
cloud base. Measurements made in the UAE during the summer months indicated high
concentrations of CCN and cloud droplets near cloud base typically associated with a
continental and/or highly polluted environment.
Based on the numerous cloud investigations in the UAE, seeding trials, and radar data analyses,
we conclude that winter clouds rarely produce conditions that are sufﬁciently convective
with warm cloud bases and identiﬁable updrafts to effectively seed with hygroscopic ﬂares.
However, during the summer, suitable convective clouds develop on about a third of the days,
and treating 3-4 storms on each of these days seems reasonable. It is conceivable that a
randomized seeding experiment, targeting the mountains in particular, could yield results in
two to three years.
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3.2

PRECIPITATION DEVELOPMENT IN SEEDED & UNSEEDED CLOUDS

Precipitation formation in convective clouds may be dominated either by coalescence
processes or ice-phase processes. Storms with high droplet concentrations of small sizes
tend to be dominated by ice-phase processes. The result is a large number of small ice
particles, many of which fail to reach the ground and either evaporate or enter the anvil
cloud.
Results from the South African and Mexican experiments indicate that hygroscopic
seeding at cloud base early in cloud development may signiﬁcantly increase the rainfall
from continental storms. The seeding material is dispersed into the inﬂow region at cloud
base. Because these particles are larger and more hygroscopic than the natural particles,
cloud droplets will nucleate preferentially on the seeding particles. This inhibits a portion
of the smaller natural cloud condensation nuclei from becoming activated because the
droplets already formed as a result of seeding limit the maximum supersaturation. The
result is a broader-than-natural droplet spectrum near cloud base that enhances the
potential for precipitation to develop earlier and more efﬁciently in the lifetime of the
cloud. In addition, the expectation is that this seeding effect will spread to other parts of
the cloud and enhance the formation of precipitation there. The ultimate effect is a more
efﬁcient precipitation process.
An overview of the experimental results, physical processes and research needs with
respect to hygroscopic seeding is provided in the WMO (2000) document. In this section
we will only summarize some microphysical aspects with respect to the development of
precipitation in seeded clouds that could be addressed during a ﬁeld effort and that could
provide physical measurements to enhance the physical understanding of hygroscopic
seeding and support the statistical randomized experiment.
Warm rain processes
There are two ways in which hygroscopic seeding might enhance the early formation of
precipitation:
(a) Through addition of ultra-giant particles that provide embryos for rain formation
(b) Through production of larger cloud droplets that lead to an enhanced coalescence
process and hence to rain.
Calculations suggest that both these processes may be important, but the framework for
the calculations and our present knowledge of the aerosol size distributions in natural and
seeded cases are not adequate to determine which (if either) is dominant. The next step in
exploration of the physical sequence leading to precipitation (in natural and seeded cases)
is to determine the relative importance of these two processes.
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The ﬁrst process (a) involves ultra-giant particles and is optimized by the introduction
of low concentrations of very large particles (larger than 10 µm diameter). The second
(b) requires higher concentrations of smaller particles (of about 1 µm diameter). The
two processes also differ in how they will affect clouds: the ﬁrst directly enhancing
the small concentrations of precipitation embryos, while the second lowers the number
concentration of cloud droplets, broadens the droplet size distribution, and hence
accelerates the coalescence process that leads to rain. The two possibilities thus differ
signiﬁcantly in the seeding method that would be optimal and in the change produced in
hydrometeor size distributions.
Any ultra-giant particles introduced into an adequate updraft will grow to precipitation
embryos, so the relative importance of these two processes will largely be determined
by how important (b) is. Some observable consequences that could be measured include
these:
 Process (b) requires modiﬁcation of the central portion of the cloud droplet size
distribution at cloud base, while that is not a requirement of (a). Absence of cloudbase changes other than the introduction of ultra-giant embryos would be strong
evidence for (a).
 Process (b) will lead to a broader cloud droplet size distribution at altitudes of 1001000 m above cloud base, and so to an enhanced coalescence rate. Concentrations
of drizzle at intermediate levels in the cloud that exceed the concentrations of ultragiant particles introduced at cloud base (with appropriate correction for dilution), if
linked to seeding, will be strong evidence for process (b).
 One might expect process (a) to produce an early echo dominated by a small number
of very large hydrometeors while (b) might produce an early echo from a larger
number of drizzle-size droplets. Calculations suggest that these two processes might
be distinguished by a differential-polarization (ZDR) measurement, with a high value
favoring (a) and a low value favoring (b).
It is still a question whether the tail (process (a)) or the main part (process (b)) of the
particle spectra produced by the hygroscopic ﬂares are the dominant mechanism to induce
coalescence. Measurements in South Africa (Cooper et al., 1997) indicated broadening
of the spectra and reduced concentrations of droplets a few hundred meters above cloud
base in the seeded region of the cloud. However, measurements in Mendoza, Argentina in
February 2000 did not show the reduced concentrations but an enhanced tail in the droplet
concentrations. It is important to determine which of these two mechanisms are inducing
the coalescence process and lead to possible drizzle formation.
In addition, diffusion of seeding material is too slow to permit spread throughout a rising
turret during the typical ascent of a parcel in that turret. The spread of a seeded plume to
a width of about 1 km takes about 10 min or more, or (with typical parcel ascent rates of
5-10 m s-1) a rise of 3-6 km. Similar considerations of the inﬂow to a storm versus the
inﬂow region that can be seeded suggest that it is difﬁcult to affect a signiﬁcant part of
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the inﬂow of a storm if the seeding effect appears in the initial ascent of the turret. This
suggests, in accord with much observational evidence for natural storms, that recirculation
processes may be required if seeding is to affect a signiﬁcant part of the precipitation from
a multi-cellular storm (unless dynamic effects from the seeding play a predominant role
in propagating the seeding effect).
The number of ultra-giant particles produced by the ﬂares seems inadequate to produce
a signiﬁcant seeding effect, unless enhancement of the precipitation process by breakup occurs. The ﬂares produce an estimated concentration <1000 m-3 of particles larger
than 10 μm (as measured behind a seeding aircraft where the plume was about 10 m in
diameter). This suggests that the total number produced might be about 10 m x 10 m x 100
m s-1 x 17 min x 1000 m-3= 1010 particles. If each grows to a 3 mm diameter raindrop, total
rain mass is of order 108 g or, for a 1 km2 area, a rain depth of 0.01 cm. The concentrations
are also too low to support signiﬁcant collision-induced break-up. (In contrast, drizzle
concentrations up to 104 larger were produced in some of the calculations.) This suggests
that drizzle formed from coalescence among droplets may be a signiﬁcant source of
embryos for rain formation. If the source is giant particles, multiplication by break-up
is needed.
Continuous-coalescence calculations indicate that, for growth to a 3 mm diameter
raindrop, a collecting embryo must fall over a trajectory having a path integrated liquid
water content of ~ 6 g m-3 km (e.g., 3 g m-3 over 2 km). If it takes 10-20 min for this to
occur, this is most of the lifetime of a typical cell.

All these factors suggest that recirculation (embryos produced in one part of a turret
entering another part or another turret) may be needed to produce signiﬁcant precipitation
in a multi-cellular storm.
Mixed-phase and ice processes
The basic intent of hygroscopic seeding is to accelerate the coalescence process through
modiﬁcation of the cloud droplet size distribution. However, that modiﬁcation can also
affect ice phase processes in the clouds if they reach temperatures below 0°C, as could
have possibly occurred in the South African and Mexico experiments. There are a number
of such potential inﬂuences and the parameters involved in most are reasonably well
known. Yet, the impacts of changes in the overall evolution of the seeded clouds, and in
the amount of precipitation produced are not readily predicted. Just as there has been only
limited success so far in modeling the formation of precipitation in convective clouds in
which ice phase processes dominate, the effects of hygroscopic seeding on such clouds
are also difﬁcult to assess with any conﬁdence.
The most important elementary ice processes that are sensitive to the cloud droplet size
distributions are riming rates and secondary ice generation. Primary ice nucleation is
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not expected to be inﬂuenced, unless the seeding material or other products associated
with it have ice-nucleating properties. This is not likely to be the case, as neither soluble
particles nor combustion products are good ice nucleators. However, the earlier formation
of drizzle or raindrops in seeded storms may provide the initial graupel embryos through
the freezing of these large drops. Larger drops freeze preferentially at temperatures below
0oC and these frozen drops provide more efﬁcient graupel embryos than graupel formation
through the primary ice nucleation process.
The accretion of cloud droplets by ice crystals is subject to alterations due to changes
in cloud droplet size distributions and the associated changes in collection efﬁciencies.
To the extent that hygroscopic seeding either increases the concentrations of the cloud
droplets at the large end of the spectrum, or shifts the whole spectrum to larger sizes, it
will increase the collection efﬁciencies of droplets on ice particles.
The breakup of ice crystals and the fragmentation of rime clusters on ice crystals are
both subject to changes as a consequence of broadened droplet size distributions but
not enough is known about these processes to make more precise statements about the
expected changes. The most clearly established mechanism for secondary ice generation,
the Hallett-Mossop (H-M) rime splintering process, is known in enough detail to consider
the possible effects of altered droplet size distributions, and this effect is quite simple. The
probability of splinter production (per collision between ice crystals and cloud droplets)
is directly proportional to the number concentration of cloud droplets with diameters
exceeding 24 µm. Thus, if the shift in droplet spectra due to hygroscopic seeding can
be well predicted then the secondary ice generation rate that might arise in the cloud,
provided all other conditions for this process are fulﬁlled, can be readily estimated.
As in the case of riming, the generation of additional ice crystals via an accelerated H-M
process does not lead to a clearly predictable effect on precipitation efﬁciency. Model
experiments comparing the precipitation produced with or without the H-M process have
given somewhat divergent results, from no change in precipitation over the lifetime of
the cloud to relatively modest changes. Because of the multitude of processes inﬂuencing
precipitation efﬁciency, and limited by available moisture and instability, the impact of
the H-M mechanism, or of any other speciﬁc process, on the total amount of precipitation
is limited.
In summary, with a broadened cloud droplet spectra it is expected that frozen drizzle or
raindrops will form the initial graupel particles, riming efﬁciencies are increased and
that a secondary ice process might be initiated. The biggest effect of riming would be
to speed graupel production somewhat. Only quantitative analysis can assess the likely
importance of this. However, one should expect it to be less important than any process
that increases the number of ice particles. Secondary ice generation in clouds with bases
at relatively warm temperatures (+10oC and higher), the impact of hygroscopic seeding
on the H-M process is likely to be small. The droplet spectrum at the height of the –3 to
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–8oC temperature level (where the H-M process is active) will already have a substantial
concentration of droplets larger than the critical 24 µm size. The colder the cloud bases
(<10oC) the larger the potential effect of hygroscopic seeding will be.
Raindrop size distributions
Within a rain-shaft the growth processes of condensation and collision-coalescence,
together with the effects of collision-breakup, lead to similarity in the drop size distributions
so that an empirical relationship can be ﬁtted to the relationship between radar reﬂectivity
and rainfall rate. A combination of high-resolution radar measurements and in-situ
measurements is needed to establish the mechanisms giving rise to this similarity and
to assess the uncertainty in the reﬂectivity-rainfall rate relationship due to natural cloud
variability and the effects of artiﬁcially-induced changes in the drop size distribution.
Characterizing the raindrop size distribution (DSD) at cloud base is important to the
hygroscopic seeding question. One is as a direct measure of seeding response, where
the DSD potentially changes in some unknown way due to seeding. A question exists as
to whether the results from the various seeding projects are really due to DSD changes,
which then confuse the radar reﬂectivity analysis used in the statistical evaluation.
Another is as a parameter in initializing and validating numerical studies on the effect of
evaporation and water loading in developing downdrafts and cold pools, which in turn
may be of importance in generating new convection. Inherent in any DSD study related
to seeding effects is an assessment of natural variability, encompassing the time history
of DSD throughout a storm, from storm to storm, and from day to day.

3.3

SEEDING CONCEPTUAL MODEL & PHYSICAL HYPOTHESIS

Based on the physical chain of events in the development of precipitation in seeded
and unseeded clouds the seeding conceptual model and hypothesis for a microphysical
propagation of the seeding effect can be summarized as follows:

MICROPHYSICAL SEEDING CONCEPTUAL MODEL
 Hygroscopic seeding broadens the cloud droplet spectra near cloud base.
 Hygroscopic-ﬂare seeding enhances the production of drizzle.
 Drizzle production occurs in near-adiabatic ascent of parcels (where LWC is high),
resulting in drizzle near the tops of new turrets and in downdrafts (which can be
stronger).
 Recirculation is important, helping drizzle enter high-LWC regions of the same
turret and spread to other turrets.
 If the cloud vertically extends to temperatures colder than 0oC, large drizzle and
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 Broader cloud droplet spectra below 0oC would result in higher riming rates.
 Combination of large drop freezing and broader cloud droplet spectra may result in
secondary ice generation.
 Additional loading of precipitation at lower levels in seeded clouds results in changes
in updraft/downdraft structures and modify dynamic aspects of the storm.
Seeded storms will differ from unseeded:
- Modiﬁed droplet size distributions near cloud base (in narrow regions associated
with the seed plumes)
- Enhanced drizzle concentrations near tops of turrets in feeder or daughter
cells
- Enhanced drizzle in downdraft regions at the edges of turrets
- Enhanced large drop graupel embryos below 0oC
- Enhanced secondary ice generation below 0oC
- No differences in DSD between seeded and unseeded storms

4. Operational procedures
4.1

OBJECTIVES OF THE OPERATIONS

The objectives of each operation will be to select suitable candidate storms, randomly
select them for seeding, and make the measurements that are required to detect and
analyze any seeding effects.
Seeding will be carried out in a randomized manner, according to the procedure described
in Section 4.11. This procedure is double blind, so that ground operations staff are unaware
of the seeding decision. The procedure is the same as was used in the South Africa and
Mexico experiments.
The randomization process is necessary to allow a rigorous statistical analysis of the
seeding effects. Since the operations director (or designated radar operator) is unaware
whether seeding is actually being performed or not, the pilot will ﬂy the mission in exactly
the same manner irrespective of the random seed/no-seed decision. After decision time
(see 4.10 for deﬁnition) on any case, the radar operator will not provide the pilot with any
information on how the storm is responding to the seeding event.
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4.2

OPERATIONS DIRECTOR

An Operations Director will be responsible for the day-to-day management of the project.
The operations director will have overall responsibility for following the Operations Plan,
including:
1.

Decision on daily status (color coded potential for convective development, Table 1)
based on the daily forecast and the state of equipment on the minimum equipment
list.

2.

Decision on when to launch the aircraft.

3.

Communication of seeding decisions (operations center envelopes) and possibly
guidance to storms.

4.

Decision on declaring off-days in advance.

5.

Archiving of data and documentation as speciﬁed in the Operations Plan.

4.3

METEOROLOGICAL DATA FOR FORECASTS

The decision for conducting operations will be based on a morning forecast provided by
DWRS, using visual observations and meteorological data as available. The operations
base will have a connection to the Internet. This will be used to download and view
meteorological data from Web sites at to assist with the forecasts. Depending on the forecast
the Operations Director will classify the day into one of the following categories:
Daily Code
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CODE

% Chance of
Seedable Clouds

RED

75% - 100%

ORANGE

50% - 75%

YELLOW

25% - 50%

GREEN

0% - 25%

BLUE

0%

COMMENT

Crew
Readiness

Aircraft
Readiness

There will be
storms
Good chance
of storms
Chance of
storms
Small chance
of storms

All crew on
Station
1 hour from
Station
3 hours from
Station
12 hour
check-in

Fuelled, ﬂares
loaded
Fueled, no
ﬂares
Fueled, no
ﬂares
Fueled, no
ﬂares

No chance of
storms

24 hour
check-in

Routine
Maintenance
if required

4.4

LAUNCH DECISION

The operations director will call for the aircraft to launch when visual observations, radar
echoes and/or nowcast conditions suggest a high likelihood of ﬁnding suitable cases
for the randomized experiment or physical studies, provided the minimum equipment
requirements are met.
On standby days (red, orange and yellow), equipment will be kept in a state of readiness
for operations.
On no-go days (green and blue), maintenance and other activities that will affect the
operational readiness of the equipment may be carried out.

4.5

RADAR OPERATIONS

The project will use the data from Al Ain 5-cm wavelength Doppler radar in automated
volume-scan mode. The scan strategy will be set up to enable the high resolution data
to be taken within volume scan times of 5-6 min. The radar scan parameters will be
adjusted (prior to the start of the experiment) to provide adequate data for analysis of
the experiment. Based on past experience, these parameters will roughly involve 15 tilts
ranging in elevation angle from 0.5 degrees to 35.0 degrees (7 km MSL at 10 km distance
from the radar), antenna rotation rate of 20° s-1, with radar volumes in 5-6 min. Clutter
will be removed using a clutter rejection algorithm based on fuzzy logic, tuned for the
UAE environment.
The radar will be thoroughly checked and calibrated before and after the season. A receiver
calibration check with an appropriately located feedhorn and known signal, power output
check, and system checks using solar characteristics will be performed during the season
at least once per week. If the calibration checks are shown to drift signiﬁcantly, new
calibration parameters will be determined and installed in the data-reduction software.
Time will be recorded in UTC, and synchronized regularly with a time standard.
The raw radar data will be archived at the radar site.
The TITAN (Dixon and Wiener, 1993) and CIDD software system will be installed on a
workstation at the radar and the Operations Center at DWRS. The TITAN software will
be used for the display of the radar and aircraft position data in real-time for the purpose
of directing the operations. The TITAN system will also archive the processed data to
disk, with backup at regular intervals.
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4.6

AIRCRAFT INSTRUMENTATION

The seeding aircraft will be equipped with an on-board instrumentation system including
a telemetry link to the operations base. The system will record time in UTC, GPS position,
and state variables (static pressure, ambient temperature). Forward-looking video will
record ﬂight conditions. The cloud physics/seeding aircraft will carry an instrumentation
package to conduct the physical measurements as part of the randomized experiment
and during cloud conditions when no suitable clouds are available for the randomized
experiment. The instrumentation package of the cloud physics/seeding aircraft will
consist of the following instruments:
• Particle Measuring System [PMS] Forward Scattering Spectrometer Probe
[FSSP] (able to detect cloud droplets between 2 and 47 µm diameter)
• PMS Passive Cavity Aerosol Spectrometer Probe [PCASP] (able to
measure concentrations and sizes of aerosol particles between 0.1 and 3.0
µm diameter)
• PMS 2D-C Optical Array Imaging Probe (able to detect cloud and
precipitation particles between 25 to 800 µm diameter)
• PMS 2D-P Optical Array Imaging Probe (able to detect cloud and
precipitation particles between 0.1 to greater than 6.4 mm diameter)
• Cloud Liquid Water (CLW) sensor
• Cloud Condensation Nuclei (CCN) counter
• Condensation Nucleus (CN) counter
• Cloud seeding material (20 hygroscopic ﬂares)
• GPS system for location and estimated winds
• Temperature, pressure and dewpoint sensors
• Forward-looking video camera
• Data recording system
The minimum operational requirement for seeding missions is the recording of GPS
position and time at least once per second.
It is very desirable that all instruments are operational, as they affect variables that will be
used to partition cases for exploratory analyses.

4.7

MINIMUM EQUIPMENT LIST FOR RANDOMIZED EXPERIMENT

The following equipment must be operating correctly for a case to be considered valid:
1.
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Radar calibrated and operated in volume scan mode, recording and storing data. The
radar data will be displayed and analyzed using the TITAN storm tracking software
(Dixon and Wiener, 1993). If for any reason TITAN is not able to display, record, or
analyze the data, the case will be discarded.

2.

Aircraft for seeding.

3.

Aircraft GPS system recording position and time of the seeding aircraft on the
aircraft system. This is essential for identiﬁcation of cases in the radar data for the
randomized experiment.

4.

In case of simultaneous physical measurements, the cloud physics instrumentation
package on the research aircraft should be fully operational (see section 4.6 and
4.13).

The following are highly desirable:
1.

Real-time display of radar data on TITAN, including telemetered aircraft position.

2.

The aircraft variables: temperature, static pressure or altitude.

4.8

FLIGHT OPERATIONS

The operations director will decide when to launch the aircraft.
The data system will be turned on before takeoff, and remain on until after landing. This
will allow subsequent analysis of the state of the atmosphere during the mission, as well
as provide detailed information on any instrumentation runs performed either during
seeding or between cases.
The pilot will after take-off from the airport follow vectoring information from the
operations director or a designated radar operator. The pilot should note the cloud base
altitude on climb-out, communicating that information to the radar operator.
When the aircraft is in the vicinity of storms, the pilot will begin searching for a suitable
case (see 4.9).
The pilot will be responsible for logging the following information on the cards indicating
the randomized decision:
1.
2.
3.
4.
5.
6.
7.

Engine start and stop times.
Takeoff and landing times (and altimeter settings).
Cloud base altitude on climb-out.
Decision time.
Start and end times of seeding.
Cloud base altitude of candidate storms.
Number of ﬂares burned, and times.
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8.
9.

Comments on storms selected.
Other notes which may be helpful in later analysis (e.g., change in cloud base
altitude, changes in updraft character, etc.).
10. Running summary of ﬂight hours.
At all times, safety will be the highest priority. If the aircraft must divert from a case for
safety or air trafﬁc control reasons, that case will be discarded.

4.9

DECLARATION OF A CASE

The radar operator will vector the pilot to the most promising storms. Until decision
time, the radar operator and pilot may converse freely about the nature of the situation,
which storm to choose and so on. Before launch of the aircraft, it would be prudent for
the pilot to also monitor the radar via the internet connection at the airport up to the time
the aircraft is ready for launch.
After the aircraft has taken off, radar information plays an important role in making the
operation successful. In particular, the aircraft will be advised continually as to where
the most active areas are, since haze and mid-level clouds often obscure the pilot’s
visibility. The radar can also provide an indication where new development on a storm
is occurring (usually on the upwind-side of the storm).
Once an area of storm development is identiﬁed and the radar operator guides the aircraft
to this area, it then becomes the pilot’s responsibility to decide if a storm meets the criteria
as a case for the randomized experiment. The pilot will search visually for a suitable
candidate storm in the area. This storm must have a solid-looking base, lower than 15,000
ft, with a good updraft (at least 1-2 m s-1) as well as the appearance of growth (cauliﬂowerlike growing cloud-bubbles aloft). The pilot will determine whether the location of the
storm relative to terrain is suitable for seeding. For the pilot to come to this conclusion,
the following observations will be required:
1) During the approach to a storm, the pilot should climb the aircraft to a
sufﬁcient height so as to remain above middle cloud to to visually observe
any new development (usually on the upwind side of an existing storm).
During such time, the pilot should try to determine whether new development
has a good rate of ascent (i.e., is actively growing).
2) The pilot must determine if a solid, well-deﬁned cloud base exists under the
actively growing cloud in order to be able to detect updrafts. This can be
determined by observing cloud movement, especially around the edges of
the storm in the newly developing area. The cloud base should be no higher
than 15,000 ft.
3) The pilot should notice whether a ledge (pedestal cloud) has formed, which
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is normally caused by good updrafts from the terrain surface to the cloud
base. However, if the storm is already precipitating, the effect of the rain
with accompanied outﬂow could create a false impression as to the activity
of the storm’s base. Should there be any uncertainty with regard to the cloud
base activity, the pilot should make an initial pass below cloud base and be
able to physically feel updrafts.
4) During the approach to the storm the pilot should evaluate the potential for
continuous development of the storm. For example, should the new storm
develop in close proximity to a very large storm its growth may be possibly
be suppressed or when a new storm develops under an anvil from a previous
storm it may not be able to grow further. The storm should be located at
least 20 km from storms that were previously included as cases.
5) Once the above criteria are satisﬁed the pilot may declare a case.
The radar operator will determine if the storm is located appropriately for good radar
coverage (between 10 and 140 km range). If a case moves outside of this range, it will
be discarded.

4.10

DEFINITION OF DECISION TIME

When the pilot decides that a case has been found, he will declare this information to the
radar operator. The time will be noted - this time is referred to as ‘decision time’.

4.11

RANDOMIZATION PROCEDURE

This project will use the same randomization procedure as that used in the South African
and Mexican experiments, with one exception. In particular, since there will be two
seeding aircraft, the randomization procedure will be repeated twice. This means that
there will be two sets of envelopes at the operations center, one for each aircraft. For each
aircraft, two sets of decision envelopes will be utilized, one at the operations center and
one in the aircraft. NCAR statisticians who will not participate in the ﬁeld program will
provide these sealed envelopes. This procedure is being followed to ensure that none of
the project personnel have prior knowledge of the contents of the envelopes.
The random assignment of clouds to seeded and control groups will be done via a
probabilistic biased coin design, as is common in sequential trials. Because the experiment
has a time component, it is desirable for the sample sizes in each group to be roughly
equal at any given time during the experiment. Additionally, if the weather conditions
change with time, greater assignment of storms to one group at the beginning of the
experiment and to the other group at the end of the experiment may bias the results. The
biased coin design assigns storms preferentially to one group when the other has been
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selected previously. Thus, the storms in each group will be roughly equal and unbiased
during the entire experimental period (Kahn, 1987).
The operations center envelopes contain either a ‘seed’ or a ‘no-seed’ decision. The
aircraft envelopes contain either a ‘yes’ or a ‘no’ decision.
Once the pilot has declared a ‘case’, both the radar operator and the pilot open the
next envelope in each sequence. The radar operator communicates the result from the
operations center envelope to the pilot, who then determines whether to seed or not based
upon the following decision table:
Radar
Seed
Seed
No-seed
No-seed

Aircraft
No
Yes
Yes
No

Action
No-seed
Seed
No-seed
Seed

The pilot will not tell the radar operator whether the decision is to seed or not, and the
pilot and radar operator will not communicate on issues related to the effects of seeding
or lack thereof. Of course safety is the primary concern; therefore, any safety-related and
air trafﬁc communications should proceed as normal.

4.12

SEEDING PROCEDURE

Seeding runs are normally done at low aircraft power settings and relatively low speeds
which in turn assists the pilot to ﬁnd good updrafts areas by observing vertical and
horizontal speeds of the aircraft, as well as physically feeling the effects. Under no
circumstances will the pilot deliberately do seeding runs during the time the aircraft
happens to be ﬂying through rain, as this region is usually associated with the downdraft
area.
If the decision is to seed, the pilot will burn 2 ﬂares at a time, one on each wing, while
ﬂying below cloud base and through the updraft as much as is possible. A maximum of 10
ﬂares is to be used on any one case, leaving 10 ﬂares for a possible second case. The ﬂares
take approximately 3 min each to burn completely and therefore the maximum seeding
time will be approximately 15 min per case.
Ideally, ﬂares should be burned continuously, starting new ones as the previous pair
burnout. However, the pilot may choose to suspend seeding in order to ﬂy away from
the storm and perhaps gain altitude to get a clear picture of the position of the new
development. Therefore a case may last longer than the 15 minutes of ﬂare burn time.
The pilot will record ﬂare burn times.
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If the situation deteriorates to the point at which seeding is not considered effective (i.e.
when the updraft ceases or becomes poorly deﬁned), seeding should be terminated.
If the decision is no-seed, the pilot should ﬂy the mission in exactly the same manner as
if the decision were for seeding, up to a maximum seeding time of 15 min. This includes
breaking off the mission should the seeding situation become unfavorable. The reason for
doing this is to maintain identical documentation on all cases, irrespective of the seed/noseed decision. End of seeding time will be communicated and recorded.
The pilot is the ﬁnal authority as to the disposition and safety of the aircraft and its
occupants and under no circumstances will he ever put the aircraft in a position where
safety is compromised.

4.13

ENDING A CASE

Aircraft operation on a case will always be terminated when 10 ﬂares have been burned in
a seed case, or the time for 10 pseudo ﬂares has passed in a no-seed case.
Premature seeding termination is purely at the pilot’s discretion. The pilot needs
to continuously monitor the activity of the storm and the characteristics of the cloud
base and updraft region. If the cloud activity (characteristics of cloud base and updraft
region) deteriorates to the extent that the pilot would have not chosen it as a case for
the randomized experiment, the pilot will advise the radar operator as to his decision to
terminate the case. In other words, if the pilot determines that the situation has changed
and the storm is no longer suitable for seeding, he/she will declare the end of the case
before all 10 ﬂares are expended. The radar operator will then assist the pilot to proceed
to a suitably positioned new storm, should this be required.

4.14

FINDING THE NEXT CASE

The radar operator will vector the aircraft to the best-looking region of active storms,
taking into account distance from the ﬁrst case. The subsequent case should be separated
from the previous case by at least 20 km (10 nm) edge-to-edge, as measured by the 30
dBz echo on radar. Given more than one alternative, the closest case should be selected
to minimize ﬂight time between cases.
If there are less than 10 ﬂares left at the end of a case, no subsequent case will be sought
before landing.
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4.15

MICROPHYSICAL OBSERVATIONS DURING RANDOMIZED
EXPERIMENT.

It is generally accepted that scientiﬁc understanding of the physical processes affected
by seeding is needed to reinforce the statistical results before such results can be fully
accepted. Because two aircraft will be available for the seeding program, with one
instrumented to conduct cloud microphysical measurements, it provides a unique
opportunity to validate certain parts of the conceptual model and hypothesis presented
in Section 3.5. Concurrent physical measurements with the randomized experiment
(conducted over the duration of the experiment) could help scientists to either conﬁrm
or discard the seeding conceptual model and strengthen the statistical results.
The following measurements will only be conducted on the ﬁrst case selected on each
day and when there are no opportunities for both aircraft to conduct separate seeding
experiments simultaneously on different cloud systems. This could occur on some days
when there are only limited cases available for the randomized experiment, or when
convection is ﬁrst initiated, or at the end of the day when convection is subsiding.
To validate parts of the seeding conceptual model and hypothesis presented in
section 3.5, the following two measurements are suggested as part of the randomized
experiment:
1) Measurement of drizzle formation, drop freezing, graupel growth, and
possible secondary ice generation by conducting repeated penetrations at
the –5oC level (approximately 18000-20000 ft) with the research aircraft
during seeding in seeded and unseeded cases (Essential instruments:
PMS 2D-C and 2D-P, PMS FSSP, Liquid Water Content sensor, state
parameters)
2) Measurement of the raindrop size distribution in the rain shaft immediately
below cloud base during and after seeding (up until 30 minutes after
seeding) by conducting repeated penetrations with the research aircraft
through the rain shaft in seeded and unseeded cases (Essential instruments:
PMS 2D-C and 2D-P, state parameters).
The purpose of the measurements in (1) will be to determine if drizzle and raindrops
develop earlier and at lower altitudes and if graupel formation is determined and
enhanced by the freezing of large drops. In addition with a broadened cloud droplet
spectra it is expected that riming efﬁciencies will be increased and that a secondary ice
process might be initiated.
The purpose of the measurements in (2) will be to determine if seeding modiﬁes the
raindrop size spectra below cloud base. It is possible that the statistical results using radarderived precipitation estimates might be due to seeding-induced drop size changes that
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would affect the radar estimation of rainfall (Yin et al., 1998). The ﬁeld measurements of
raindrop spectra are needed to address this issue.
The two measurements described above will be conducted on an alternating basis
throughout the randomized experiment.
Finally, whenever the research aircraft is conducting seeding operations as part of the
randomized experiment, it is desirable to obtain cloud base droplet spectra using the
FSSP. This should be done at the end of the case. The pilot should conduct an ascent in
cloud from cloud base to approximately a thousand feet above the base in the updraft
region, and then exit out of the cloud.
There will be situations in which it is not safe to perform these procedures because of the
height of cloud base relative to the terrain or severe weather. Should this be the case the
pilot should terminate the measurements.

4.16

MICROPHYSICAL OBSERVATIONS SEPARATE FROM THE
RANDOMIZED EXPERIMENT.

During times when there are no suitable clouds available for the randomized experiment
and yet convective clouds with a vertical depth of at least 1-2 km exist or storms exist
outside the Al Ain radar coverage area, airborne observations to measure the effects of
seeding on droplet broadening and drizzle formation are desirable. In these situations
it is suggested that after both aircraft take off for a mission, a measurement of cloud
base (height, pressure, temperature and dewpoint) is obtained with the seeder aircraft
ﬂying straight and level at cloud base without penetrating any cloud. After the cloud base
measurements the research aircraft will ascend to 1000ft above cloud base and conduct a
penetration in an actively growing convective cloud. It is important to note that the cloud
base measurements should be taken just below cloud base without penetrating cloudy
regions.
When the seeder aircraft has detected an updraft region of at least 1-2 ms-1 a seeding
experiment will be initiated. The research aircraft will subsequently conduct two or three
penetrations about a 1000ft above cloud base to detect the initial affects on the droplet
size distribution where after it will conduct repeated penetrations at higher altitudes (1 km
vertical intervals but not higher than the 0oC level) to detect the onset of coalescence and
drizzle formation in the cloud.
Hygroscopic seeding is hypothesized to broaden the cloud droplet size distribution near cloud
base resulting in earlier coalescence and the formation of many drizzle drops in addition
to raindrops lower in the cloud. The measurements with the research aircraft will attempt
to document these aspects of the conceptual model and hypothesis. Measurements will be
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conducted near cloud base to attempt to document the broadening of the cloud droplet spectra.
In addition, measurements will be conducted at higher levels in the cloud to determine if
drizzle- and raindrops do exist earlier and at lower altitudes in these clouds (Fig. 3). Attempts
will also be made to study the mixing of the effects to other cloud turrets in the cloud system.
The following measurement strategy should be followed:


Measure the natural aerosol size distribution and Cloud Condensation Nuclei (CCN)
entering cloud base by the research aircraft before a seeding experiment is called
(Essential instruments: CCN, CN counter, PCASP, FSSP, state parameters).



Measure the cloud droplet size distribution immediately above cloud base in regions
affected by seeding, and compare to similar nearby regions outside the seeding plume.
(Essential instruments: FSSP, PCASP, 2D-C, state parameters) Expected result: A
broader size distribution and reduced droplet concentration if (b) is important.



Measure the droplet size distribution at intermediate altitude (perhaps 1-2 km above
cloud base) to determine if a coalescence process leads to drizzle faster than in the
natural case. This could be done by repeated passes of a research aircraft as seeding
material is introduced below, with chance encounters between the seeding material
and the research aircraft. Repeated seeding passes with the seeder aircraft at cloud
base might be made at intervals as short as 2-3 min in favorable circumstances. If
these seeding lines spread to about 500 m vertical extent in the ascent to 2 km and are
rising at 5 m/s at 2 km above cloud base, there is a good chance that the upper-level
aircraft ﬂying perpendicular to the seeding plume direction will encounter the rising
plumes (Essential instruments: FSSP, 2D-C, 2D-P, state parameters).

5. Evaluation
5.1

FRAMEWORK FOR STATISTICAL ANALYSES

Weather modiﬁcation research has a long history. However, it is still in need of “proof”
that it works. Researchers rely, in part, on statistics for their evidence. However, even
if weather modiﬁcation experiments had been able to produce unequivocal statistical
“proof” of an effect, replication of that effect is required before weather modiﬁcation
efforts can be declared a success. A wide variety of tests and analyses have been completed
on weather modiﬁcation experiments.
The problem lies with the use of statistical hypothesis testing as a “rubber stamp of
approval.” Statisticians argue that a single test variable is necessary to guard against
multiplicity and to provide an unambiguous proof of concept. Data from cloud seeding
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experiments are highly variable, and this reduces the power of a single test to detect
differences. Dividing the allowable error among multiple tests makes detecting
differences practically impossible. However, multiple statistical tests of different
covariates can be helpful in guiding physical understanding. Statistical tests will continue
to play an important role in enhancing physical understanding; statistics can be used not
only as tool to test proof-of-concept, but also as a tool for discovery (a mathematical
‘magnifying glass’). Randomized experiments will continue to play an important role in
weather modiﬁcation studies, but the acceptance of results from these experiments will
only come when we are able to physically explain the statistical results and vice versa.
The recommended solution is to complete a single hypothesis test in the conﬁrmatory
phase of the experiment to retain maximum power to detect an effect from seeding. In
addition, other exploratory statistical analyses will be undertaken as a tool for discovery,
a mathematical magnifying glass.

5.2

THE EXPERIMENTAL UNIT

The experimental unit is deﬁned as the storm as measured by the radar and tracked by
TITAN, using a 30 dBz threshold, for the time period 20 min prior to decision time to
60 min after decision time. If the storm does not exist 20 min before decision time (<30
dBz and zero rainfall values), the case starts at the ﬁrst detection by TITAN. Similarly if
the storm dies before 60 min after decision time the case ends (<30 dBz and zero rainfall
values) when TITAN no longer detects it. If after a case is selected and the storm within
60 minutes moves within 10 km of the radar or more than 140 km away from the radar
the case will be excluded from the randomized experiment.
Any mergers and splits that occur during the speciﬁed time period will be included in
the analysis, but any mergers and splits that occur outside of that time period will be
ignored.
The TITAN tracking and analysis is fully automated. Therefore there is no possibility
of bias based on the knowledge of the seed/no-seed decision. TITAN will produce time
series of storm properties for use in the analysis. TITAN also will produce the value of the
response variable for the conﬁrmatory analysis.

5.3

RANGE LIMITS

To qualify as a valid experimental case, storm range from the radar (up to 60 min from
decision time) must remain between 10 km and 140 km.
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5.4

RESPONSE VARIABLE FOR CONFIRMATORY ANALYSIS

Conducting a single hypothesis test in the conﬁrmatory phase of the experiment limits
the questions that can be answered to (at most) one. Thus, it is important to choose the
most important question. Clearly, the main goal of rainfall enhancement experiments is
to determine if rainfall has been enhanced. Thus, the conﬁrmatory analysis will test if the
radar-estimated rainfall amounts are greater from seeded storms than control storms.
The response variable for the conﬁrmatory analysis is deﬁned as follows:
Radar-estimated total precipitation mass. Precipitation will be estimated using the
Marshall-Palmer Z-R relationship (Z=200 R1.6) applied to a composite of maximum
reﬂectivity (>30 dBz volume) at any height at or below 6 km MSL. The composite
technique will be used to minimize range bias. The total precipitation mass from decision
time to 60 minutes post decision time will be calculated by integrating the radar estimated
precipitation ﬂux over time with units in kilotons.

5.5

STATISTICAL HYPOTHESIS FOR CONFIRMATORY ANALYSIS

The seeded cases will demonstrate an increase in total precipitation mass from the
unseeded cases over the lifetime of the storm (up to 60 minutes from decision time).
The null hypothesis is of differences less than or equal to zero in precipitation amounts
between the seeded and unseeded cases.

5.6

CONFIRMATORY EVALUATION

The Wilcoxon-Mann-Whitney (WMW) statistic will be used to conduct the hypothesis
test. This test compares the sums of the ranks from two continuous samples to detect
differences in location (i.e. mean or median). The test also applies when, under the
alternative hypothesis, the cumulative distribution functions of the two samples of rainmass measurements (denoted x) have the following relationship: F(x)≤G(x) with strict
inequality for at least some x. If cloud seeding has no effect, then F(x)=G(x) , so if
seeding has a positive effect on at least some of the clouds, then F(x)≤G(x) should hold.
It is important to note that the WMW test is non-parametric, i.e. it does not require that the
samples come from a speciﬁed distribution, such as the normal. It requires only that the
samples be from a continuous distribution rather than a discrete. Signiﬁcance levels and
conﬁdence intervals for the WMW test can be obtained from the permutation distribution
of rank sums under the null hypothesis (Sprent, 1993).
The WMW test was chosen over the Student’s t-test because cloud seeding measurements
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tend not to be normally distributed. The Student’s t-test is the optimal hypothesis test for
normally distributed samples. Unfortunately, for non-normal distributions, the t-test can
be inefﬁcient and lack power. The WMW test is only slightly less efﬁcient and powerful
than the t-test for detecting differences in location (e.g. shift) in normal data, it is highly
efﬁcient and powerful in detecting them in non-normally distributed samples (Dixon,
1954). Hodges and Lehman (1956) determined that use of the WMW test instead of the ttest never entails a serious loss of efﬁciency for testing against shift. However, the WMW
test may be much more efﬁcient than the t-test. Further, the power of the WMW is only
slightly less than that of the t-test for normal samples. The limiting ratio of sample sizes
required for the WMW and t-test to achieve the same power is 3/π , about 0.955. This
means that for normally distributed data, if the WMW test requires a sample of 100 cases
to detect a real difference, that the t-test will only require a sample size of 95.5 cases to
detect that difference. In summary, WMW appears to be a better choice for non-normally
distributed data and even if the sample distribution is normal, the utility of the WMW is
only slightly less than that of the optimal Student’s t-test.

5.7

SAMPLE SIZE ESTIMATES

For the WMW test, there is no documented method for determining the sample sizes
necessary to detect differences. However, when the data are normally distributed, the ttest and WMW test are very closely related, as mentioned in the previous section. Thus,
in the case of normal data, the sample size necessary to detect a difference using a t-test
can be multiplied by π/3 to estimate the sample size required for the WMW test to detect
the same difference. Fortunately, the logarithm of the rain mass measurements is nearly
normal, thus this method can be used to estimate sample sizes.
Sample sizes have been estimated by this method utilizing data collected during the
2001 and 2002 UAE ﬁeld studies. The sample size required for 5% error and 80%
power to detect a 25% increase in rain mass due to seeding is 266 cases, evenly divided
between the seeded and control groups. It is important to note that this is just an estimate.
There are several factors that may change the required sample size. For example, radar
measurements collected by the Abu Dhabi radar during the summer seasons of 2001 and
2002 are used to derive the sample size estimate. These measurements may not accurately
represent the conditions during different years when the cloud seeding experiment is being
conducted because the radar was located more that 100 km away from the randomized
study area and range effects may play an important role. During the planned randomized
experiment the newly installed and more optimally located Al Ain radar will be utilized.
Further, the distribution of the storms may differ due to the storm size, time and distance
between storms, and other constraints placed upon storm selection during the experiment;
constraints that were not imposed during the past ﬁeld studies.
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5.8

EXPLORATORY ANALYSES

“An important element of the exploratory approach is ﬂexibility, both in tailoring the
analysis to the structure of the data and in responding to patterns that successive steps of
analysis may uncover.” (Hoaglin et al., 1983). In order to maintain ﬂexibility, exploratory
analyses must be undertaken as appropriate rather than planned in advance. Thus, this
section will give some examples of analyses that will be utilized in the exploratory phase
of the experiment. Most likely, other types of analyses will also be completed. More
examples of exploratory analyses of cloud seeding samples may be found in Fowler et
al., (2001).
Measurements of various storm properties from the radar and cloud microphysics
instruments will be compared for the seeded and control cases. Some of the
quantities that will be examined in the exploratory phase of the analysis are:
1. Cloud droplet size distributions, near cloud base and aloft.
2. Rain drop size distribution near cloud base.
3. Concentrations of drizzle-size drops.
4. Graupel embryos.
5. Ice formation process (ice crystal concentrations, riming rates, etc.)
6. Duration of storm after decision to seed.
7. Area Time Integral.
8. Time-history of the number (percent) of active storms.
9. Precipitation ﬂux measurements every 5 minutes over the lifetime of the
storm.
10. Storm mass measurements every 5 minutes over the lifetime of the storm.
11. Storm area measurements every 5 minutes over the lifetime of the storm.
12. Storm mass measurements above 6 km every 5 minutes over the lifetime of the
storm.
Some of the radar estimated ﬁelds that will be examined are cumulative totals from the storm
while others are time series measurements. The distributions of the overall measurements
from the seeded and control storms will be compared using boxplots and qqplots. The time
series measurements will be examined as in the Coahuila, Mexico (NCAR, 1997) and South
Africa experiments (Mather et al, 1997), with time series plots of the quartiles. Distributions
of the time series measurements conditioned on the existence of rainfall at that time may
also be analyzed. Further, other stratiﬁcations, such as capped convection cases, may be
studied separately.
Each of the listed measurements will be studied individually. Additionally, many combinations
of them may be studied jointly to determine the existence and nature of the relationships
among them. As these measurements are also unlikely to be normally distributed, nontraditional methods will have to be employed in any multivariate analyses. Some candidate
methods for multivariate analysis include spatial models and permutation procedures.
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Appendix B –

OPERATIONS
PLAN
(2003 - 2004)

PHASE II OF THE RAINFALL ENHANCEMENT ASSESSMENT PROGRAM
IN THE UNITED ARAB EMIRATES

UNITED ARAB EMIRATES
JUNE 2003 ONWARDS
RANDOMIZED SEEDING PROJECT – OPERATIONS PLAN

1. Project Overview
The objectives of Phase II of the Rainfall Enhancement Assessment Program in the UAE
are to:
(a) Determine whether there is a quantitative effect on radar derived storm-based
rainfall from hygroscopic seeding at cloud base.
(b) If an effect is found, understand the time history of such effect and the probable
cause.
(c) Test the concepts of the South African and Mexican experimental approach in
the UAE.
(d) Collect concurrent and separate physical measurements to support the statistical
results and provide substantiation for the physical hypothesis.
(e) Conduct preliminary theoretical studies on the logistics and feasibility to extend
storm-scale effects to an area wide effect.
To provide a statistical evaluation of the effect of seeding, we have developed a separate
document containing the Experimental Design. The statistical design document includes
the following components:
•
•
•
•
•
•
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Target deﬁnition and randomization procedure.
Response parameter(s) to quantify seeding effects.
Statistical evaluation procedure.
Operational decisions: cloud selection, treatment times, required data collection,
minimum requirements for data collection, etc.
Plan for ongoing assessment of the operations.
Additional parameter evaluation (exploratory studies), such as effects of seeding
under different meteorological conditions and physical studies addressing
seeding effects on the chain of precipitation development.

The Al Ain radar will be the primary research radar for the project, with an operations
area focused within a radius of 140 km from Al Ain (see Figure 1).

2. Institutional Participants
•
•
•
•
•

Department of Water Resources Studies (DWRS), Ofﬁce of H.H. the President,
Abu Dhabi, UAE
UAE Armed Forces, Abu Dhabi, UAE
University of Witwatersrand (WITS), Johannesburg, RSA
South African Weather Services (Metsys), Bethlehem, RSA
National Center for Atmospheric Research – Research Applications Program
(NCAR/RAP), Boulder, Colorado, USA

Figure 1: Map of the eastern UAE and northern Oman with the focus area approximated by the
range ring. The radius of the ring is about 150 km, with Al Ain at the center.
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3. General Schedule
This is the second year of a proposed two-year ﬁeld campaign. The period of operations
during 2004 will be from 15 June to 15 September. The objective will be to perform a
randomized seeding experiment in conjunction with physical studies to help understand
and explain the statistical results.
The following is the tentative timeline for the remainder of the 2004-2005 research
effort:
15 June – 15 September 2004:
Conduct randomized seeding operations.
Continue training.
Collect physical measurements to support statistical experiment.
Conduct regular data quality checks and assess data for archival.
September 2004 – December 2004:
Data reduction and archival.
If the required number of randomized cases (>250) were collected, ﬁnal analyses of
randomized experiment including the formal statistical evaluation, exploratory analyses,
and meteorological and cloud physics studies.
If the required number was not achieved, a third year of the experiment might be
necessary.
Finalize numerical modeling studies.
January 2005 – March 2005:
Complete the statistical evaluation, physical studies and modeling experiments and
publish results.
Based on the results from the seeding experiments, physical studies and modeling, we
will develop a minimum requirement for an operational program in terms of facilities
(aircraft, radar, etc.) and human resources.
Finalize training.
4. Facilities and Instrumentation
4.1

FACILITIES

The Operations Center will be located at Department of Water Resources Studies. This is
where the Operations Director will perform his/her duties. Airport facilities will be located
at Al Bateen Airport with a secondary location at Al Ain Airport for standby purposes.
These facilities will include fuel, hangar space, a dedicated tug, ﬂare storing facilities,
and a lockable ofﬁce space, together with sufﬁcient and reliable electrical power, internet
access and separate phone line.
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4.2

AIRCRAFT PLATFORMS

There will be two aircraft used during this project. The ﬁrst aircraft (call sign Research 1)
will serve a dual purpose as 1) a research aircraft to perform microphysical measurements
during the treatment of clouds and 2) as a secondary seeding aircraft when conditions are
ideal for multiple seeding aircraft. The second aircraft (call sign Research 2) will be the
primary seeding aircraft and only carry instrumentation necessary for seeding operations
(state parameters, GPS position, and ﬂare events). Both aircraft will be equipped with
an instrumentation system that includes a telemetry link to the operations base and data
acquisition software to record time (UTC), GPS position, atmospheric and aircraft state
variables (static and dynamic pressures, temperature, relative humidity, and ﬂare events).
Digital cameras will be used to record ﬂight conditions. Both aircraft will also be equipped
with twenty hygroscopic ﬂares – two racks of 10 ﬂares each. In addition, Research 1 will
be equipped with a cloud physics instrumentation package (see Table 1) to measure the
physical responses of some seeded clouds during the randomized experiment in support
of the scientiﬁc physical basis for the experiment.
Table 1. List of instrumentation that will be used on Research 1.

Instrument

Purpose/Comment

Range

State Variables
Rosemount Temperature,
Static and Dynamic
Pressure, and GPS
parameters

Temperature, pressure, altitude, TAS,
and location – recorded on telemetry
box and on the data system (SAWS)

multiple

EG&G Dewpoint sensor

Moisture content (NCAR)

-50 to 50 C

Vaisala Temperature and
Relative Humidity

Secondary temperature and moisture
content (SAWS)

-50 to 50 C,
0-100%

Cloud Physics
PMS FSSP

Cloud droplet spectra (SAWS)

2-47 µm

PMS 2D-C

Small precipitation particle size,
concentration and shape (SAWS)

25-800 µm

PMS 2D-P

Large precipitation particle size,
concentration and shape (SAWS)

200 -6400 µm

PMS Hot-wire (King)
Liquid Water Content
Probe

Liquid water content (SAWS)

0.01 – 3 g m-3

Aerosols
U of Wyoming CCN
Counter

Cloud condensation nuclei
concentration and spectra (NCAR)

Depends on
Supersaturation

TSI 3010 CN Counter

Total aerosol concentration (WITS)

0.01 to 1 µm
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Aerosol concentration and spectra
(WITS)

PCASP

0.1 to 3 µm

Cloud and Situation Imagery
Digital still camera

To show development of clouds and
treatment situations for historical
purposes

50 pictures

Intercomparison ﬂights for the two aircraft will be performed at least twice during the
course of the ﬁeld season, once at the beginning (between 1-30 June) and once at the end
(between 1-15 September). Experience obtained during the 2003 ﬁeld season suggests the
optimal location to perform these comparisons is in the Oman airspace east of the ITRAX
intersection. The intercomparison should be performed while ﬂying in stable formation
(side-by-side) at constant altitude and true air speed (TAS) for at least 5 minutes. Speed
runs to calibrate the response of various probes to changes in speed and pitch should also
performed by both aircraft (3-4 stable ﬂight legs at operating speeds for 3-5 min each).
4.3

RADAR

The project will use data from the Al Ain 5-cm wavelength Doppler radar, operating in
an automated volume-scan mode and equipped with the NCAR HiQ radar processor. The
following are scan parameters initially planned for the Al Ain radar:
o
o
o
o
o
o
o
o
o

PRF = 620 Hz (maximum range, 204 km)
Pulse length = 0.8 us (120 m)
Gate spacing = 240 m (850 range gates)
Number of samples = 28
PPI scan rate at 20° s-1 and set to complete a full 360° PPI before stepping
up to next elevation.
Elevation angles (deg):
0.5 , 1.5, 2.5, 3.5, 4.5, 6.0, 8.0, 11.0, 15.0, 22.0, 32.0
Resulting volume scan time, about 4:30 min.
Volume repeat time set for 5 min
Latitude = 24.2656, Longitude = 55.6197, Altitude = ~280 m

The radar will be thoroughly checked and calibrated before and after the season. This will
include a transmitter check (power and frequency), receiver and processor check (using
a calibrated signal generator) and establishment of system parameters (location, antenna
gain, waveguide losses, range determination, etc.) Transmitter and receiver checks should
be done monthly to guard against drifting or changing parameters.
Other system parameters will be checked less frequently, using the sun as a known power
source.
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If the calibration procedures show signiﬁcant changes in the radar, new calibration
parameters will be installed in the data-reduction software. Time will be recorded in
UTC, and synchronized using network time protocol (NTP). The raw radar data will be
recorded at the radar site.
The TITAN (Dixon and Wiener, 1993) and CIDD software system will be installed on a
workstation at the Al Ain radar and at the Operations Center. The TITAN software will be
used for the display of the radar and aircraft position data in real-time for the purpose of
directing the operations. The TITAN system will also record the processed data to disk,
with an archive backup at regular intervals.

4.4

MINIMUM EQUIPMENT LIST

The following equipment must be operational for a case to be considered valid:
1.

2.
3.

4.

Radar calibrated and operated in volume scan mode, recording data. The radar
data will be analyzed using the TITAN storm tracking software (Dixon and Wiener,
1993). If for any reason TITAN is unable to analyze the data, the case will be
discarded from the randomized experiment.
Aircraft for seeding.
Aircraft GPS system recording position and time of the seeding aircraft on the
aircraft system. This is essential for identifying the treated cases in the radar data
for the randomized experiment.
In case of simultaneous physical measurements, the cloud physics instrumentation
package on the research aircraft should be fully operational (see Section 4.2).

The following are highly desirable:
1.
2.

Real-time display of radar data on TITAN, including telemetered aircraft position.
The aircraft variables: temperature, static and dynamic pressures.

5. Field Project Coordination

5.1

OVERALL PROJECT COORDINATION

There are numerous components to this ﬁeld project, including forecasting and operational
decision making, performing the randomized seeding, performing the physical studies,
maintaining the instrumentation, and doing data post-processing. Clear communication
and collaboration between DWRS, NCAR, the University of Witwatersrand (WITS), the
UAE Armed Forces, and the South African Weather Services (SAWS) are essential for
the success of this project.
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Overall coordination of the organizational and logistical issues of the program will be
the responsibility of Colonel Abdulla Al Mangoosh of the DWRS. Dr. Roelof Bruintjes
from NCAR will be responsible for the overall scientiﬁc management of the program and
will coordinate these efforts with Major Abdulla Al Mandoos and Dr. Stuart Piketh from
WITS. These efforts will include the establishment of scientiﬁc protocol and experimental
design. Management of the aircraft platforms is the responsibility of Dr. Stuart Piketh of
WITS, and coordination and oversight of the radar operations for the ﬁeld program will
be the responsibility of Mr. Dan Breed and Mr. Mohammed Shamsan. Any questions,
comments or concerns regarding these areas should be addressed to those listed above.

5.2 OPERATIONS DIRECTOR
The Operations Director will be a scientist familiar with running ﬁeld programs and will
be responsible in collaboration with DWRS staff for the conduct of aircraft operations,
based on established criteria that is provided in Section 8. Dr. Roelof Bruintjes or Mr. Dan
Breed will be the primary Operations Director along with Major Abdulla Al Mandoos, Dr.
Stuart Piketh, Mr. Stephen Broccardo, and Ms. Tara Jensen acting as secondary operations
directors when the primary director is not available.
The Operations Director will work from the Operations Center (at the DWRS ofﬁces in
Abu Dhabi) and will manage and direct the day-to-day operations and personnel involved
in the day-to-day operations. This person’s duties will involve management of radar
and aircraft operations, many times including guiding the aircraft to suitable clouds for
treatment. The Operations Director will be responsible for scheduling all operations and
will take into consideration all available meteorological data, including local soundings
and weather forecasts, and classifying the day into one of the categories listed in Table 2
More speciﬁc duties of the Operations Director include:
•
•
•
•
•
•
•
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Lead the daily weather brieﬁng (including weekends) at 10:00 AM for scheduling
all operations.
Decide operational status based on forecast and aircraft readiness.
Update all ﬁeld personnel on planned operations for the day.
Follow guidelines for the double blind randomized experiment (see Section 8
– Randomized Seeding Protocol)
Direct aircraft operations from radar display located at DWRS.
Keep DWRS management up to date on operations.
Notify all crew members (pilots, engineers and technicians, radar operators, and
ﬂight scientist) when they may stand down for the day.

Table 2: The daily code and crew readiness

% Chance of
Seedable Clouds

Comment

RED

70% - 100%

There will be storms

ORANGE

45% - 70%

Good chance of
storms

2 crew at Al Ain

YELLOW

30% - 45%

Better chance of
storms

1 crew at Al Ain
1 crew at Al Bateen

GREEN

15% - 30%

Small chance of
storms

1 crew at Al Ain
1 crew 1 hour from
engine start

CODE

Crew Readiness**
1 crew patrolling the air
1 crew at Al Ain

1 crew - 1 hour from
engine start
1 crew - 24 hour check in
** assuming both aircraft are operational/meet minimum instrument requirements
(see Section 4.4)

BLUE

0 – 15%

No chance of storms

5.3 RADAR OPERATOR
A Radar Operator will be available to monitor the radar for signs of convective activity.
This person may or may not be the Operations Director but must be properly trained
in operating the TITAN software program as well as understand the meteorological
implications of what is being displayed. This person must also speak English well enough
to be understood over the aircraft radios or have someone available to do the radio work. It
is recommended that the radar display be checked on a regular basis (approximately every
10 minutes) when waiting for the onset of storms. The Radar Operator will then alert
the Operations Director (if other than the Ops Director) of this activity so the Operations
Director can determine the operations status. The primary Radar Operator will be either
the operations director, Mr. Stephen Baccardo, Mr. Hamid Barishdi, Ms. Tara Jensen, or
Mr. Stuart Piketh.
More speciﬁc duties of the radar operator include:
•
•
•

Keeping a rigorous watch on the radar during times when convection is expected
to form (generally noon to 5 pm) or assign someone to do so.
Notifying the Operations Director or the pilots of location and intensity when
activity commences.
Notifying appropriate authorities in Oman (Air Trafﬁc Control) and Al Ain
(ground crew) if conditions warrant it.
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•
•
•
•
•

5.4

Directing aircraft to potential candidate clouds as designated by the Experimental
Design.
Filling in all information requested on the seeding decision envelope.
Filling in all radar information requested in the uae_project_summary.xls ﬁle at
the end of the day.
Performing a debrief of radar activity if asked.
Filing additional ﬂight plans as requested.

PILOTS

Both aircraft will be manned by two pilot teams made up of Mr. Hans Krueger, Mr. Steve
Mandel, Mr. Gerhard Venter, and Mr. Gary Willis. During the randomized seeding ﬂights,
the lead pilot of the both aircraft will do the cloud selection, which includes identifying
suitable clouds/storms, ﬂying continuously in updraft regions, and making decisions
on seeding operations according to the Experimental Design. The lead pilot will be
accompanied by a secondary pilot to assist in treatment coordination and documentation.
The pilots of each aircraft will be determined by the Operations Director and the pilot
staff on a daily basis. Decisions on the role of the Research 1 will be made daily, during
ﬂight operations, through a collaborative effort between the Operations Director, the
pilots of Research 1, and the Flight Scientist. During physical studies, the Research 1
pilots will be asked to perform speciﬁc ﬂight patterns (See Section 9 - Microphysical
Flight Strategies) by the onboard ﬂight scientist.
More speciﬁc responsibilities of the Aircraft Pilots include:
•
•
•
•

•
•

•

•
•
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Assisting the Operations Director in formulating ﬂight plans for the day.
Generating and ﬁling ﬂight plans after the daily brieﬁng.
Notifying the ground crew at Al Ain if required.
Maintaining aircraft records in a clearly discernable manner, including ﬂight
numbers, duration, fuel, ﬂares, pilots, and research information (see Section 6
– Data Management).
Filing daily reports on operations
Assisting the aircraft mechanic in maintaining the aircraft in operating condition,
including changing ﬂares, reporting problems immediately, and helping
troubleshoot problems.
If no ﬂight scientist is on-board, turning on the aircraft data acquisition system
and verifying all on-board instrumentation is working properly (see Appendix I
- Pre-ﬂight checklist)
Selecting seeding candidates and declaring cases (see Section 8 – Randomized
Seeding Protocol)
Following guidelines for the double blind randomized experiment (see Section

•
•
•
•

5.5

8 – Randomized Seeding Protocol) including, but not limited to, communicating
regularly with the Radar Operator before and after treatment of clouds.
Filling in all information requested on the seeding decision envelope.
Filling in all information requested on the daily ﬂight log.
Performing a debrief of the ﬂight if asked
Fostering good relations with the air trafﬁc authorities.

INSTRUMENT TECHNICIAN:

An Instrument Technician will be available to maintain all airborne instruments in
working and calibrated condition. The technician will receive input from the Operations
Director and Flight Scientist regarding known data quality concerns. The technician is
also encouraged to work with the other research scientists, pilots, and data manager on
sorting out technical concerns. The primary technician will be Mr. Stephen Edwards.
More speciﬁc responsibilities of the Instrument Technician include:
•
•
•

5.6

Preparing instruments prior to ﬂight (see Appendix I - Pre-ﬂight checklist)
Maintaining instrumentation records (see Section 6 – Data Management)
Assisting the aircraft mechanic in maintaining the aircraft in operating condition,
including assisting with electrical wiring concerns and aircraft instrumentation.

AIRCRAFT MAINTENANCE ENGINEER:

An aircraft maintenance engineer will be present to maintain both aircraft in operating
condition. This person will also assist in preparation of aircraft prior to ﬂight. The aircraft
maintenance engineer will be Mr. Harold McGarry.

5.7

FLIGHT SCIENTIST: SEEDING/RESEARCH AIRCRAFT

A Flight Scientist will accompany the seeding/research aircraft (second aircraft) on all
ﬂights. Ms. Tara Jensen will act as the primary ﬂight scientist. Mr. Dan Breed, Dr. Stuart
Piketh, Dr. Roelof Bruintjes, or other WITS scientists may act as secondary ﬂight scientists
and instrument operators. The ﬂight scientist will be responsible for guiding the aircraft
when it is taking physical measurements and will also act as the instrumentation operator.
She/he will monitor the operation of the data acquisition system and the performance of
the aircraft instrumentation, as well as performing the initial processing of the aircraft
data on the ground.
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More speciﬁc duties of the Flight Scientist include:
•
•
•
•
•
•

•

•
•

5.8

Determining the practicality of performing physical studies in coordination with
the Operations Director and pilots
Determining appropriate physical studies and corresponding ﬂight patterns (see
Section 9 – Microphysical Flight Strategies)
Requesting feedback from the pilots regarding feasibility of performing desired
ﬂight patterns.
Documenting ﬂight activities while onboard the aircraft (see Section 6 - Data
Management).
Assisting the Instrumentation Technician in preparation of instruments prior to
ﬂight (see Appendix I - Pre-ﬂight checklist).
Monitoring the data acquisition system and instruments during the ﬂight, and
reporting the instrument status to the Operations Director/Instrument Technician
(see Section 6 – Data Management).
Maintaining appropriate records of instrument status before and after each ﬂight
(see Section 6 – Data Management) and reporting problems to the Instrument
Technician and the Operations Director.
Assisting the Instrumentation Technician in calibration of the instruments.
Setting/maintaining UTC time on the clocks in both aircraft and on the data
acquisition system.

FORECASTERS AND CLIMATOLOGIST

DWRS forecasters will prepare and issue forecasts on a daily basis according to speciﬁed
formats as discussed in Appendix B. A forecaster will also present a debrieﬁng of the
previous day’s weather and the forecast for the next few days at the daily brieﬁng. The
forecasters will be Mr. Suﬁan Khalid Ahmed Farrah and Mr. Ahmed Habib Ibrahim.
More speciﬁc duties of the Forecasters include:
•
•
•
•

5.9

Preparation of daily forecasts (Appendix II – Forecasting Procedures)
Presentation of debrieﬁng of previous days forecast at daily brieﬁng
Presentation of forecast at daily brieﬁng
Archive soundings, synoptic overview and charts, forecasts, satellite images,
automated weather station data, and other pertinent data (see Section 6 - Data
Management).

DATA MANAGERS

The quality of the dataset will determine the success of the statistical and physical studies.
For this reason, it is critical that all personnel take an interest in maintaining a high578

quality consistent dataset. A Data Manager will be responsible for making sure all data
collected are of the best possible quality and that appropriate data is available for the
studies. Ms. Tara Jensen and the DWRS representative will act as the data managers for
the project. Ms. Jensen will maintain the data quality records and archival of all aircraft
and meteorological data (except automated weather stations). The DWRS data manager
will maintain the current effort of radar data archival for the UAE network, while Mr. Dan
Breed will be responsible for the quality and archival of the Al Ain radar data from the
NCAR processor. The data managers will work with the Operations Director and Field
Project Coordinators to ensure a high quality data set.
More speciﬁc duties of the Data Managers include:
•
•
•
•

•
•
•
•
•

Review quality of all data gathered on a daily basis including telemetered aircraft
data, cloud physics data, radar data, and archived soundings.
Verify that the Cloud Physics Instrumentation Housekeeping Data appear
normal.
Verify that the Cloud Physics Instrumentation Physical Data seem physically
reasonable.
Verify that the Radar Data are usable, speciﬁcally looking for:
o Radar data ingest prior to commencement of operations and available
in full during operations.
o Reﬂectivity and velocities appear to be calibrated properly and make
sense.
Archive meteorological data used for forecasting.
Check other project documentation daily.
Request completion of forms (submitted to Data Managers) if not done so by
responsible parties in a timely manner.
Update Randomized Case Summary form on a daily basis
Maintain and quality check completion of information on randomized
envelopes

6. Data management
Overall data management will be a coordinated effort between the project data manager
(Ms. Tara Jensen), the local DWRS data manager, the forecasters, and the project
coordinators. Responsibilities will be distributed to ﬁeld personnel from DWRS, WITS,
and NCAR depending on the data source involved.

6.1

DATA ARCHIVAL

The majority of data and documentation archival will be the responsibility of the data
managers. There will be several types of data acquired in the ﬁeld including: aircraft,
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radar, upper air soundings (Muscat and Abu Dhabi), automated weather station data,
synoptic overviews, and model forecasts. All data will need to be monitored for proper
collection and archival.
Aircraft data will be recorded on the aircraft data acquisition system (ADAS) and
transferred to ground based computers for post-ﬂight processing, copying, and archival.
The seeding aircraft data will include telemetered data only. The seeding/research aircraft
data will include both telemetered and cloud physics data.
Radar data (mdv ﬁles) are transferred directly from the Al Ain radar via the network
controlled by DWRS. The proposed archival plan for these data include:
Archival by days of
• radarRawAN.apBinet
• radarCartA.apBinet
• radarMerge
• other data ﬁles as necessary from the NCAR processor (archived by Mr. Dan
Breed)
Most of these data will be archived to DVD by the DWRS data manager. Quality checks
of the data received from the Al Ain radar will be performed by Mr. Dan Breed or Ms.
Tara Jensen.
Upper air soundings for both Abu Dhabi (41217) and Muscat (41256) will be archived
in both gif and text formats from the University of Wyoming upper air web site located
at: http://weather.uwyo.edu/upperair/sounding.html.These data will be archived by
the project data manager. Additional data provided by Seeb International Airport (in
Muscat, Oman) will also be archived.
Automated weather station data will be archived from the direct ingest at DWRS. These
data will be archived by Mr. Khaled Mohiden Mawed.
Synoptic overviews will be written by DWRS staff meteorologists and submitted to the
archive in electronic format. (See Synoptic Summary form). These synoptic overviews
will be written by Mr. Suﬁan Farrah.
Synoptic charts, including 00 hr forecasts (model initialization data) of Surface, 700 mb,
500 mb, and 200 mb charts will be archived in gif or jpeg format from the local GTS
link (ECWMF and French model) at DWRS, and the US Navy (NCMOC) NOGAPs
site located at: http://www.ncmoc.navy.mil/nipr/auto/images/jmv_ncmoc/Arab_Gulf_
Regions_Nipr.htm. The images will be archived by Mr. Ahmed Habib Ibrahim.
Satellite imagery including full pass 06, 09, and 12 UTC PDUS infrared, visible, and
water vapor, will be archived from the local DWRS PDUS and HRPT data, and the US
Navy (NCMOC) Geosynchronous Satellite site located at:
http://www.ncmoc.navy.mil/geosynchronous.htm. These images will be archived by
Mr. Ahmed Habib Ibrahim.
MM5 forecasts will be archived to NCAR mass store in gif format by Ms Tara Jensen
and provided to the DWRS data manager for archival at DWRS.
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6.2

DOCUMENTATION (METADATA)

Documentation of the measurements made and the problems encountered during these
measurements is critical to understanding trends and errors found in the data after the ﬁeld
project is completed. For this reason, ﬁeld personnel should keep speciﬁc documentation.
These documentation requests are based on experiences from previous ﬁeld experiments
and should be considered part of the job responsibilities for each responsible party.
Archival of the documentation will be conducted through the Data Managers. The Data
Managers will check documents periodically for accuracy, consistency, and completeness,
and actively seek assistance from all parties to obtain this information if it is not being
documented in a timely fashion.
Speciﬁc documentation/archival requirements include:
perations Director
•

None

Radar Operator
•
•
•
•
•

Radar seed/no-seed decision (see Appendix I – Decision Envelope)
Decision time (see Appendix I – Decision Envelope).
Start/End time of treatment if informed of these by aircraft (see Appendix I –
Decision Envelope)
Latitude/Longitude of aircraft off TITAN display during treatment (see Appendix
I – Decision Envelope)
Radar Summary information requested in uae_project_summary.xls (see
Appendix I – Project Summary Form)

Pilots (both aircraft)
• A brief summary (submitted to the Sheikh) of daily ﬂight activities including,
general area of activity, and any other comments that will help with understanding
developments (see Appendix I –Daily Flight Summary Form). [Gary Willis]
• Engine start and stop times (see Appendix I – Pilot Flight Log)
• Take-off and landing times (see Appendix I – Pilot Flight Log)
• Any difﬁculty had with accessing airspace, any delays with engine start, take off
etc…(see Appendix I – Pilot Flight Log)
• Cloud base on climb-out (see Appendix I – Pilot Flight Log)
• Decision time (see Appendix I – Decision Envelope).
• Seed/no-seed decision (see Appendix I – Decision Envelope)
• Start and end time of treatment (see Appendix I – Decision Envelope)
• Number of ﬂares burned/number of duds (see Appendix I – Decision Envelope)
• Flare burning times. …(see Appendix I – Pilot Flight Log)
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•

•
•
•

Comments on storms selected (see Appendix I – Pilot Flight Log)
• Cloud base heights.
• Estimated updraft speeds.
• Lightning activity.
• Comments on appearance of cloud base or tops (i.e. ragged base, iced out
top, etc.).
Reason for gap in seeding, i.e. moved away from cloud to get perspective on
potential updraft source. …(see Appendix I – Pilot Flight Log)
Running summary of ﬂight hours (see Appendix I - Project Summary Form)
Photos of clouds (downloaded to archiving computer).

Instrument Technician
•
•
•

Dates, instrument number, and short description of maintenance performed (see
Appendix I - Instrumentation Log).
Dates and short description of reasons for any changes made to ADAS (see
Appendix I - Instrumentation Maintenance Log).
Detailed descriptions, in either electronic or hand-written formats, of major
changes/corrections/repairs made to the instrumentation and ADAS to facilitate
accurate analysis of data in the future.

Flight Scientist
•
•

•
•
•
•
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Pre-ﬂight check of all on-board instrument systems
Flight notes:
o Take-off and landing times
o Crew
o Reason for choosing ﬂight pattern
o Comments on environmental conditions including: cloud base height
and appearance, cloud top estimate (if possible), isolated cumulus, ﬁeld
of cumulus, a line of cumulus, or cumulonimbus, temperature and/or
height of penetrations, droplet concentrations, LWC, and description of
particles on 2D displays, estimated updraft speeds, times of turbulence,
lightning activity, documentation of any pertinent comments made by
pilots and other on-board scientists about the nature of the target cloud
o Comments on any questionable instrumentation response during the
ﬂight
Flight Notes submitted to Data Managers in electronic text format.
Prior to landing check of all systems, similar to pre-ﬂight check (see Appendix I
- Take-off/Landing Instrument QC Form).
Completion of instrument status summary (see Appendix I - Instrumentation
Status Summary).
Photos of clouds.

Forecasters and Climatologist
•
•
•
•

Daily forecast summaries and assessments of previous day’s forecast and
submitted in electronic format.
Archive synoptic overviews/charts for all days.
Archive satellite images for cloud seeding days.
Archive of automated weather station data, especially those in the Operation
Area (see Section 3 – Operational Program Overview)

Data Manager:
•
•
•
•
•
•
•
•

Instrumentation Quality Control records (see Appendix I - Radar QC form and
Instrumentation HK QC form).
Running documentation of location of archived data and any known missing
data (See Archive Summary).
Archive aircraft data
Archive radar data
Archive MM5 forecast gifs.
Archive soundings for all days.
A description Operation’s Status Decision (see Appendix I - Summary Form).
Periodic checks of all data and metadata will be performed to ensure consistency
of documentation/archived data described above.

7. Daily Operations Schedule
Daily brieﬁng will begin at 9:45 AM at the Operations Center. The brieﬁng will
consist of the following parts:
•
•
•
•
•

Debrieﬁng of previous day’s operational activities (ﬁrst 15 minutes)
Forecast for the day and next few days
Review of equipment and data archival status
Classiﬁcation of the day and operational plans.
Schedule for the day

When operational, all active crew members will remain on alert until ofﬁcially called
down by Operations Director or a designated representative. Crew members uncertain of
their status are advised to contact Operations Director for update. Apart from operations
the normal working day hours will be from 9:00 AM to 5:00 PM.
Operational Status and Launch Decisions
The operations director will call for the aircraft to launch when visual observations, radar
echoes and/or nowcast conditions suggest a high likelihood of ﬁnding suitable cases,
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provided the minimum equipment requirements are met (see Section 5 – Facilities and
Instrumentation). The aircraft mechanic and instrument technician shall be advised by
the Operations Director daily of the of standby time so maintenance, and other activities
that will affect the operational readiness of the equipment, may be carried out.
The randomized experiment will only be conducted during daylight hours. Any seeding
or measurements conducted during nighttime will not be included in the randomized
experiment. The Operations Director will determine days for crew rest and will attempt
to schedule these preferably on clear days. At times after intensive ﬂying crew rest should
be scheduled for one crew at a time such that there is always at least one aircraft available
for the randomized experiment during convective days.

8. Randomized Seeding Protocol

8.1

DECLARATION OF A CASE (STORM CANDIDATE SELECTION)

This section summarizes the information contained in both the 2003 operations plan
and experimental design. Refer to these two documents if clariﬁcation is required. The
Operations Director will vector the pilot to the most promising storms. Until decision
time, the Operations Director and pilot may converse freely about the nature of the
situation, which storm to choose and so on.
Once the Operations Director has guided the aircraft to a region of potential candidates,
it then becomes the pilot’s responsibility to decide if a storm meets the criteria as a case
for the randomized experiment. The pilot will search visually for a suitable candidate
storm in the area. This storm must have a solid-looking base, lower than ~15,000 ft, with
a good updraft (at least 1-2 m s-1 or 100-300 ft min-1) as well as the appearance of growth
(solid base and cauliﬂower-like growing cloud-bubbles aloft). The pilot will determine
whether the location of the storm relative to terrain is suitable for seeding. The pilot may
notice a ledge (or pedestal cloud) has formed, which is normally caused by good updrafts
from the terrain surface to the cloud base. However, if the storm is already precipitating,
the effect of the rain with accompanied outﬂow could create a false impression as to the
activity of the storm’s base. Should there be any uncertainty with regard to the cloud base
activity, the pilot should make an initial pass below cloud base and be able to physically
feel updrafts.
1) Once the above criteria are satisﬁed, the pilot may declare a case.
The Operations Director will determine if the storm is located appropriately for good
radar coverage (between 10 and 140 km range). If a case moves outside of this range, it
will be discarded from the randomized sample.
584

8.2

DEFINITION OF DECISION TIME

When the pilot makes a decision on a case, he will declare that information to the radar
opersator. The time when treatment commences (i.e. seeding or no seeding) should be
denoted by the pilot on the pilot log and will be referred to as ‘decision time’.
8.3

DOUBLE BLIND RANDOMIZATION PROCEDURE

This project will use the same randomization procedure as that used in the South African
and PARC experiments and will be the same for both aircraft. The project will have
two sets of decision envelopes, one at the radar and one in the seeding aircraft. These
sealed envelopes were provided by NCAR statisticians who are not participating in the
ﬁeld program. This procedure was followed to ensure that no project personnel has prior
knowledge of the contents of the envelopes.
The radar envelopes contain either a “seed” or “no-seed” decision. The aircraft envelopes
contain either a “yes” or “no” decision. Once the pilot has declared a case, both the
Operations Director and the pilot open the next envelope in their platform sequence. The
Operations Director communicates the result from the radar envelope to the pilot, who
then commences seeding action based on the following decision table:
Radar

Aircraft

Action

Seed

No

No-seed

Seed

Yes

Seed

No-seed

Yes

No-seed

No-seed

No

Seed

The pilot will not tell the Operations Director whether the decision is to seed or not, and
the pilot and Operations Director will not communicate on issues related to the effects of
seeding or lack thereof. Even after the aircraft lands, there should be no communication
about the state of the seeding action between the pilots and the Operations Director.
Of course, safety is the primary concern. Therefore any safety-related communications
should proceed as normal. The pilot is the ﬁnal authority as to the disposition and safety
of the aircraft and its occupants and under no circumstances will he ever put the aircraft
in a position where safety is compromised.

Seeding Procedure
If the decision is to seed, the pilot will burn 2 ﬂares at a time, one on each wing, while
ﬂying below cloud base and through the updraft as much as is possible. A maximum of 10
ﬂares is to be used on any one case, leaving 10 ﬂares for a possible second case. The ﬂares
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take approximately 3 min each to burn completely and therefore the maximum seeding
time will be 15 min per case (if ﬂares are burned sequentially).
Seeding runs are normally done at low aircraft power settings and relatively low speeds
(approximately 140 kts), which assists the pilot in ﬁnding good updrafts areas by
observing vertical and horizontal speeds of the aircraft, as well as physically feeling the
effects. If the aircraft encounters drizzle or rain during the seeding run, the pilot should
modify the ﬂight pattern to maneuver out of the rain and back into the updraft. Figure 2
shows a typical ﬂight pattern for seeding of summertime convective clouds in the UAE.
Ideally, ﬂares should be burned continuously, starting new ones as the previous pair
burnout. However, the pilot may choose to suspend seeding in order to ﬂy away from
the storm and perhaps gain altitude to get a clear picture of the position of the new
development. Therefore a case may last longer than the 15 minutes of ﬂare burn time.
If the situation deteriorates to the point at which seeding is not considered effective (i.e.
when the updraft ceases or becomes poorly deﬁned), seeding should be terminated.
Finally, whenever Research 1 is conducting operations as part of the randomized
experiment, it is desirable to obtain cloud base droplet spectra using the FSSP. This
should be done at the end of the case. The pilot should conduct an ascent outside of cloud
to approximately a thousand feet above the cloud base and then perform a ‘straight and
level’ penetration of the cloud (i.e. as level as the cloud will allow with no turns during
the penetration). There will be situations in which it is not safe to perform this procedure
because of the height of cloud base relative to the terrain or severe weather. In those cases,
the pilot should terminate the measurements.
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Figure 2. Example of a seeding ﬂight path on the feeder cells of a complex multicellular system
(24 July 2002).

No-Seeding Procedure
If the decision is no-seed, the pilot should ﬂy the mission in exactly the same manner as
if the decision were for seeding, including maintaining the tight turns necessary to remain
in the updraft region (see Figure 2). Pseudo-burn times of 3 minutes, up to a maximum
seeding time of approximately 15 minutes, will be used in the documentation. This
includes breaking off the mission should the seeding situation become unfavorable. These
procedures are followed to maintain the integrity of the double blind case. Flying the cloud
in the same manner allows the pilot to determine when (or if) the updraft prematurely dies.
Also, when Research 1 is conducting operations as part of the randomized experiment, it
is desirable to obtain cloud base droplet spectra using the FSSP.
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8.4

ENDING A CASE

Aircraft operation on a case will always be terminated when 10 ﬂares have been burned
in a seed case, or the time for 10 pseudo ﬂares (approximately 15 minutes) has passed in
a no-seed case.
Premature seeding termination is at the pilot’s discretion. The pilot needs to continuously
monitor the activity of the storm and the characteristics of the cloud base and updraft
region. If the cloud activity, characteristics of cloud base and updraft region deteriorates
considerably to the extent that he would have not chosen it as a case for the randomized
experiment, the pilot will advise the ground Operations Director as to his decision to
terminate the case. The Operations Director will then assist the pilot to proceed to a
suitably positioned new storm, should this be required.
If the pilot determines that the situation has changed and the storm is no longer suitable
for seeding (based on the criteria set forth in Section 8.1), he will declare the end of the
case before all 10 ﬂares are expended. There should be no discussion of radar activity
between the pilot and Operations Director while the pilot is making this decision (unless
it is for safety purposes).
8.5

FINDING THE NEXT CASE

If the aircraft has at least 10 ﬂares available for another case, the Operations Director will
vector the aircraft to the best-looking region of active storms, taking into account distance
from the previous case. The subsequent case must be separated from the previous case by
at least 20 km (10 nm) edge-to-edge, as measured by the 30 dBZ echo on radar.

9. Microphysical Flight Strategies: Seeding/Research Aircraft

9.1

HYGROSCOPIC SEEDING CONCEPTUAL MODEL

Details of the hygroscopic seeding conceptual model are contained in the Experimental
Design and the 2003 Operations Plan. In summary, this ﬁeld program provides a unique
opportunity to validate parts of the conceptual model through the ability to seed and
measure storms at the same time (using both aircraft). Concurrent physical measurements
with the randomized experiment (conducted over the duration of the experiment) could
help scientists to either conﬁrm or discard seeding conceptual model and strengthen the
statistical results.
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9.2

RANDOMIZED MICROPHYSICAL MEASUREMENTS

The following measurements will be conducted whenever both aircraft are available. To
validate parts of the seeding conceptual model, two measurement strategies as part of the
randomized experiment are suggested:
1.

Measurement of drizzle formation, drop freezing, graupel growth, and possible
secondary ice generation by conducting repeated penetrations at the –5oC level
(with Research 1) during treatment in seeded and unseeded cases. [Essential
instruments are: PMS 2D-C and 2D-P, PMS FSSP, Liquid Water Content sensor,
state parameters.]
2. Measurement of the raindrop size distribution in the rain shaft immediately
below cloud base during and after seeding (until 30 minutes after seeding) by
conducting repeated penetrations with Research 1 through the rain shaft in
seeded and unseeded cases. [Essential instruments are: PMS 2D-C and 2D-P,
state parameters.]
The two measurement strategies listed above will be conducted on an alternating basis
throughout the randomized experiment. The ﬂight scientist will keep track of the
experiments performed to ensure proper sequencing of the measurements. Dual aircraft
operations requires close communication between both aircraft. The most important
information is the location and movement of the seeding aircraft. Communication
methods should be established by the pilots and radar operator prior to the ﬂight. The
radar operator may be able to provide vectoring information to the aircraft to help with
the co-located measurements. The seeding aircraft’s mission is to stay in the maximum
updraft during seeding and the research aircraft’s mission is to obtain the best possible
sample of the cloud core within the limitations of safety.

Ice/Mixed Phase Processes Measurements
Objective: Measurement of drizzle formation, drop freezing, graupel growth, and possible
secondary ice generation by conducting repeated penetrations at the –5oC level with
Research 1 during seeding in seeded and unseeded cases.
Primary Cloud Physics Instrumentation: PMS 2D-C and 2D-P, PMS FSSP, Liquid Water
Content sensor, state parameters
Procedure:
The research aircraft should ascend to the altitude with a temperature of approximately –5
C. The seeding aircraft should be near cloud base to search for an updraft and keep the
research aircraft informed of its general location.
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The location of the seeding aircraft should be communicated to the research aircraft at
the decision time. Penetrations at the –5 C level of the seeded cloud should be performed
continuously from the decision time until 30 minutes past the end of the seeding
experiment. This time should also be communicated to the research aircraft. The research
aircraft will cease penetrations if the cloud dissipates or penetrations become unsafe prior
to the completion of the 30 minutes. Figure 3 gives a graphical representation of the
suggested procedure.
The recommended ﬂight pattern for a single turret is a ‘ﬁgure 8’ pattern. If the selected
cloud is embedded in more organized convection, this pattern may be modiﬁed to allow
the aircraft to penetrate as far into the core of the cloud (where high liquid water exists) as
safety will allow and then exit before penetrating the next cell. Measurements in the core
of the cloud will allow for study of ice and mixed phase formation and growth processes
while the data from the side regions should help explain recirculation patterns. The
combination of the two will provide a more complete picture of the cloud microphysics
at this level.

Figure 3. Graphical representation of ice and mixed phase measurement strategy on which the
seeding aircraft is performing a randomized seeding pattern. Recommended ﬂight pattern is a
‘ﬁgure 8’ unless conditions warrant a different approach.
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Raindrop Distribution Measurements
Objective: Measurement of the raindrop size distribution in the rain shaft immediately
below cloud base during and after seeding (until 30 minutes after seeding) by conducting
repeated penetrations with Research 1 through the rain shaft in seeded and unseeded
cases.
Primary Cloud Physics Instrumentation: PMS 2D-C and 2D-P, state parameters
Procedure:
The seeding aircraft should be ﬂying at cloud base looking for a suitable updraft location.
This altitude and general location should be communicated to the research aircraft, which
in turn should descend to 500 ft below the seeding aircraft altitude and wait for the case
to be declared. There should be vertical separation of approximately 500 ft between
the seeding and research aircrafts at all times. The ﬂight scientist will help maintain a
visual location of the seeding aircraft while performing this maneuver. Figure 4 gives a
graphical representation of the suggested procedure.
Penetration of the core of the treated cloud’s rain shaft (within boundaries of safety)
should commence as soon as it forms or at the decision time, whichever comes ﬁrst.
While seeding, the updraft location may change or the cloud base may ascend or descent.
The seeder aircraft should always communicate change in location and altitude to the
research aircraft so the research aircraft can adjust its penetrations of the rain shaft core
to accommodate these changes.
Penetration of the rain shaft should continue for 30 minutes after the end of seeding. This
time should also be communicated to the research aircraft. The research aircraft will
cease penetrations if the rain shaft dissipates or penetrations become unsafe prior to the
completion of the 30 minutes.
The recommended ﬂight pattern of the rain shaft is a ’ﬁgure 8’ pattern. If the selected
cloud is embedded in more organized convection, this pattern may be modiﬁed to allow
the aircraft to penetrate as far into the core of the shaft (where the largest drops exist)
as safety will allow and then exit before penetrating the next cell. Measurements in the
core of the rain shaft will allow for study of changes in drop size distributions due to
seeding as well as help in calibrating the radar-derived rain rates that are calculated from
a theoretical raindrop size distribution.
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Figure 4. Graphical representation of the drop size distribution measurements of precipitating
cumulus clouds on which the seeding aircraft is performing a randomized seeding pattern.
Recommended ﬂight pattern is a ‘ﬁgure 8’ unless conditions warrant a modiﬁcation. There should
be a 500 to 1000 foot vertical separation between aircraft at all times.

9.3

NON-RANDOMIZED MICROPHYSICAL MEASUREMENTS

Cloud Base Measurements
Whenever the research aircraft is conducting operations as part of the randomized
experiment, it is desirable to obtain near cloud base droplet spectra using the FSSP. This
should be done at the end of the case. The pilot should conduct an ascent in cloud from
cloud base to approximately a thousand feet above the base in the updraft region, and then
exit out of the cloud. If the ﬂight scientist feels the aircraft did not penetrate the adiabatic
core (high liquid water content) of the cloud he/she may ask the pilot to perform another
penetration.
There will be situations in which it is not safe to perform this procedure because of the
height of cloud base relative to the terrain or severe weather. Should this be the case the
pilot should terminate the measurements.
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Warm Rain Processes Measurements
Objective: Document the cloud droplet size distribution near cloud base before, during, and
immediately after seeding. The impact of seeding on the cloud base droplet distribution
should be evident within seconds of the onset of seeding.
Primary Cloud Physics Instrumentation: PMS 2D-C and 2D-P, PMS FSSP, Liquid Water
Content sensor, PCASP, CN counter, CCN counter, state parameters
Procedure:
During times when there are no suitable clouds available for the randomized experiment
but convective clouds with bases lower than 15,000 ft (4500 m) and a vertical depth
of at least 1-2 km exist or when storms exist outside the Al Ain radar coverage area,
airborne observations to measure the effects of seeding on droplet broadening and drizzle
formation would be desirable. In these situations it is suggested that after both aircraft
take off to conduct these experiments.
Prior to starting the seeding, the research aircraft should measure the natural aerosol size
distribution and CCN entering cloud base by performing an elongated racetrack pattern
approximately 1000 ft below cloud base. This will most likely take approximately 15
minutes, depending on the CCN cycle. The recommended supersaturation cycle is:
(0.3, 0.6, 1.0% supersaturation). During this time, the seeding aircraft can be looking for
suitable updrafts. Once the below cloud aerosol measurements are completed, the cloud
base measurement phase can begin.
A measurement of cloud base (height, pressure, and temperature) is obtained with the
seeder aircraft ﬂying straight and level at cloud base without penetrating any cloud. After
the cloud base measurements the research aircraft will ascend to 1000 ft above cloud
base and conduct a penetration in an actively growing convective cloud. Figure 5 gives a
graphical representation of the suggested procedure. It is important to note that the cloud
base measurements should be taken just below cloud base without penetrating cloudy
regions.
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Figure 5. Graphical representation for measurements of cloud base and droplet spectra in growing
non-precipitating convective clouds.

When the seeding aircraft has detected an updraft region of at least 1-2 m s-1 a seeding
experiment will be initiated. The research aircraft will subsequently conduct three or four
penetrations about 1000 ft above cloud base to detect the initial effects on the droplet size
distribution, after which it will conduct repeated penetrations at higher altitudes (at about
1 km vertical intervals but not higher than the 0oC level) to detect the onset of coalescence
and drizzle formation in the cloud.
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Appendix I – Metadata Forms and Checklists
ZS-JRA (Research 1) Data Acquisition System Operations Guide
STAND-BY STATE OF JRA
Aircraft locked up – no power on instruments
PRIOR TO AIRCRAFT PULL-OUT:
Verify covers from the 1D (FSSP and PCASP), 2D-C and 2DP.
Ensure that the laser openings are clear, and the LWC wire is not broken.
Wash windows with plain water if they need to be cleaned
Install seat in front of door if it’s not there
Verify that you have in the aircraft
Camera with Compact Flash card in it
Camera batteries
A1,T1 or A2,T2 Data Cartridges with you and A3,T3 cards are in aircraft as backups.
(NOTE: These items are currently kept in the bottom left drawer of “bench system
desk” – in the back room and the CCN stuff in the fridge)
Verify with ops what channel the telemetry should be on – this may be changed by just
hitting the up or down arrow on the right side of the telemetry box in the aircraft
If CN and CCN are present:
Check the butanol level on CN counter – ﬁll to just barely showing if necessary (when
present).
Verify you have chilled water in CCN dropper and it is with you (when CCN present).
Prepare CCN counter (when present) by:
Cleaning all surfaces, including optics with ethanol.
Place bottom pad in chamber.
Wet pad using eyedropper and chilled water, starting in center and working out. Use
dropper or pointy part of pen/pencil to poke pad down while wetting
Make sure the pad is wet but no standing water
Place top pad on lid
Wet pad in similar manner
Turn on CCN to verify it passes initial test. Do not worry if top temperature is too high.
You may have to wait until cabin cools off to run CCN
AFTER ENGINE START:
Pilot will switch on main DAS power switch. Look for red light above the King LWC
panel
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When on A/C power on:
Bottom of ADAS rack – top row – make sure all Circuit Breakers are pushed in
and the one plain metal switch is pushed up (for on) DO NOT FLIP THE YELLOW
SWITCHES UP YET.
On Computer (middle – 3rd rack from top )
Insert “A” data cartridge
Turn Power On
On Telemetry box (just above computer – black box)
Insert “T” data cartridge
Turn Power On
Once computer is showing a command prompt
Type “time” to set time on ADAS to GMT (note: the easiest way for this it to make sure
your watch is always on GMT)
Input time in 24 hour format – (i.e. 1 pm = 1300)
Hit “Enter”
Type “a” then hit “Enter”
Turn on and Balance Dewpointer
Turn dial to “Test” and allow the voltage needle to stablize
Turn outside knob on Balance knobs (larger one) to left to unlock it
Turn inside knob to adjust voltage needle to be centered (on 0.5)
Turn outside knob on Balance knobs to right to lock it again
Turn dial to Operate
JUST AFTER TAKEOFF
Record information on Information Checklist.
Turn on probe heaters (two yellow switches on top row of circuit breakers)
DURING FLIGHT
When entering cloudy area
Turn on King Probe (metal switch on CSIRO Liquid Water Probe panel below keyboard
– ﬂip up to turn on)
Hit Alt+F to put probes in fast mode
Hit Alt+F5 to grab dry power for King LWC probe
If the ﬂight is for cloud or precipitation studies,
Click ALT+T to display 2D probes and FSSP.
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Verify FSSP on Range 0 or set it to Range 0 by hitting CTRL+R and ALT+R until you
see zero under the Range indicator on the left side of FSSP display.
Hit Alt+F5 when in clear air and at a different altitude – will “zero” the LWC display on
strip chart but does not effect raw data.
When exiting cloudy area
Turn off King Probe (metal switch on CSIRO Liquid Water Probe panel below keyboard
– ﬂip down to turn off)
Turn off nose and pod heaters (ﬂip yellow switches on Circuit Breaker board down)
Hit Alt+S to put probes in slow mode
AT BEGINNING OF DESCENT TO AIRPORT
Make sure yellow heater switches are down
Make sure LWC switch is down.
Write down values in the instrument quality checklist again and check of whether
probes are working or not

JUST BEFORE WHEELS DOWN
Alt+Q to end Data Acquisition
Turn off Telemetry box
Turn off Computer
Turn Dewpointer to Off
Pull out circuit breakers in reciprocal order.
AFTER LANDING
Tell pilot it is OK for Engine Shutdown.
Remove Data Cartridge from telemetry box
Remove Data Cartridge from computer.
Remove pads from CCN counter (if present), wipe out with paper towel and leave
chamber lid hanging on door
USEFUL KEYS
ALT+F1 Window 1 (on top)
ALT+F2 Window 2 (on bottom)
ALT+F3 Graphs (on right)
ALT+F4 Reset 2D probes
ALT+F5 Grab dry power for King LWC
ALT+K Case
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ALT+C
ALT+P
ALT+I
ALT+O
ALT+E

Cell
Pass
In Cloud
Out of Cloud
Event

ALT+F Fast mode (for cloudy areas)
ALT+S Slow mode (for non-cloudy areas)
ALT+R Change FSSP range (shown on Screen 1)
CTL+R Change PCASP range (shown on Screen 2)
ALT+T Sets up display for cloud penetrations (Top to 2D; bottom to FSSP Probe 1)
ALT+Q Quit Recording
FSSP RANGES
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Range

Min. Diameter (mm)

Max Diameter (mm)

0

2.0

47.0

1

2.0

32.0

2

1.0

16.0

3

0.5

0.8

Research 1 In-Flight Instrumentation Checklist
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Pilot Log

Project Summary

600

Radar Summary

601

Instrumentation Maintenance Log
Date

Probe #

Example

Instrument - ID Number - Procedure Performed - Reason/
Comment
FSSP #27 optics cleaned and realigned

Radar Data Log
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Date

Directory

Missing Data

Reason/Comment

Example

RadarCartAN

001200-031200

uncertain

Appendix B – Forecasting
The Meteorological Section at the Department of Water Resources Studies is taking the
following procedures to issue the Daily Forecasts
1.
General review of the Synoptic Weather Reports from different Automatic
Weather Station covering UAE.
2.
General review of the latest observations for different Airports in UAE and
surroundings.
3.
General review of Tafors issued by the Airports in UAE and surroundings.
4.
Different products of MM5.
5.
COROBOR System
ECMWF:
(SFC + 850 Temperature) Starting from the
actual to 120 hour
Upper Air: Starting from the actual to 120 hour
500 HPA (contours)
SIG (WX)
METEOFRANCE:
SFC + 72 hour (Initial)
Different local charts (Upper air + Surface)
6.
Satellite Images:- These are two types.
1.
PDUS
2.
HRPT
Internet Resources
MM5 Model.
Actual Hourly Data for different stations around the world.
Satellite Images:Meteosat
These are used for:
a) Infra Red (IR0
b) Visible (VIS)
c) Water Vapour (WV)
For each half hour
Some websites that may be useful:
Satellite:
http://www.weather.com/maps/geography/africaandmiddleeast/middleeastsatellite_
large.html
Observations:
Abu Dhabi Intl Airport: ftp://tgftp.nws.noaa.gov/data/observations/metar/decoded/
OMAA.TXT
http://weather.noaa.gov/weather/current/OMAA.html
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You can get observations for all of the locations below by just substituting OMAA with
the listed code:
Code
OMAD
OMAA
OMAL
OMDB
OMFJ
OMRK
OMSJ

Location
Abu Dhabi – Bateen Airport
Abu Dhabi – Intl Airport
Al Ain – Intl Airport
Dubai – Intl Airport
Fujairah
Ras Al Khaimah – Intl Airport
Sharjah – Intl Airport

Radar:
http://www.rap.ucar.edu/projects/UAE/radardata.htm
Forecasts:
10 Day w/ graphics: http://www.weather.com/weather/local/TCXX0001
Global MM5 model: http://rain.mmm.ucar.edu/mm5/
UAE MM5 model: http://www.rap.ucar.edu/projects/UAE/mm5.htm
Suggested steps for daily brieﬁngs
1.
Review of weather and forecast for the previous day including observations
and model forecasts.
2.
Conduct forecast for the day and next few days. Discuss the products, different
models and compare between model forecasts causes for the differences between
forecasts from the following different models.
MM5
Surface Chart
850 Hpa Chart
500 Hpa Chart
R.H. 700 Chart
Vort. 500 Hpa Chart
Satellite IR
Precipitation
3.
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ECMF
Surface Chart
850 Hpa Chart
500 Hpa Chart
R.H. 700 Chart
Vort. 500 Hpa ChartHp
Satellite VIS
Precipitation

a)

T-Φ

Actual Abu Dhabi Airport

b)

T-Φ

Forecast Product MM5. All Times and
Stations

4.

Metar Data

5.

Forecasts produced by other Centers

6.

Conclusion:

Forecast

Appendix C – Guidance for Operations Directors/Radar Operator
Suggestions for directing aircraft to storms
Select cells areas that are easy to reach and do not appear to be drifting into R-51 (restricted
airspace) or outside the 10 to 140 km range. The ideal storm will have little echo (only
greens and blues) or a very large portion of the echo located above the surface. Storms
that have maximum reﬂectivity core reaching all the way to the ground or close to the
ground are well past the stage suitable for seeding.
There will be times when the aircraft calls for an envelope when they are in what
appears to be clear air. They may be below a cumulus early in its growth cycle and it
has not developed precipitation sized particles yet. This is acceptable and is at the pilots
discretion. Your responsibility to verify the case is within the randomized seeding area
and is not within 20 km (10 nm) of any other case.
If there is only one cell with 30 dBZ reﬂectivity but many other cells to choose from, use
your best judgment to direct the aircraft to a storm that will be further than 20 km from
the other treated clouds but also within the 10 to 140 km from the radar criteria. Also,
avoid sending the aircraft to large complexes of storms unless the aircraft there is nothing
else in the area. Advise them to look for feeder cells well away from the main line of
convection. The reason for this caution is because it is difﬁcult to unravel the inﬂuence
of seeding from a long line of titan tracks.
If there are no suitable clouds in within the given criteria, let the aircraft know this but
also check with the ﬂight scientist on Research 1 to see if there are any microphysical
experiments that may be helpful to conduct before returning aircraft to base.
What to do while aircraft treating cloud
Always be ready to give guidance to the aircraft as to where to go next.
Vector aircraft to side of storm where tightest reﬂectivity gradient is – this is the most
likely position of the updraft.
Note direction of movement of storms to aid aircraft in either keeping up with storm.
Note lines that look like they may be merging and be prepared to help aircraft vector out
of a tight situation if requested.
The pilots have requested to know the maximum reﬂectivity of storms (including dBz)
prior to doing penetrations if at all.
Always write down what the RADAR decision is, the approximate time of communication,
the end time of the case (prompt the aircraft for the information if they forget to give it),
and the approximate Latitude/Longitude of the treatment on the decision envelope.
Make sure you routinely unzoom the view and watch other areas for development
Continue to check distances between treated storms and developing storms.
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